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SUMMARY 


Th*  ovarall  objective  of  this  investigetion  la  to  elucidate  the  Bole- 
cular  oechanlams  by  which  bla-(lt*chloroethyl)sul£lde  (ECES)  exerts  Its 
vesicant  action  when  applied  topically  to  human  skin.  The  study  was  done 
using  cultures  of  cutaneous  keratinocytes  In  oidor  to  focus  on  the  direct 
interactions  between  the  mustard  and  the  cellular  targets. 

The  technical  objectives  of  this  project  are  to  develop  appropriate 
cultxire  systems  for  use  In  the  Investigation  of  subcellular  and  macromole - 
cular  toxic  manifestations,  to  establish  the  credibility  of  these  systems 
for  Investigating  the  molecular  mechanisms  of  these  effects,  and  to  deter¬ 
mine  whether  these  systems  can  be  used  to  develop  procedures  by  which  toxic 
responses  can  be  neutralized. 

Three  biological  systems  with  which  to  study  the  moleclar  and  '*ellular 
effects  of  exposure  to  BCES  have  been  developed. 

Protocols  have  been  defined  by  tdilch  stratified  terminally  differen¬ 
tiating  prl.'aary  cultures  of  cutaneous  keratinocytes  derived  from  human  or 
rat  skin  can  be  obtained.  These  cultures  are  grown  on  collagen  gels  or 
nylon  membranes  as  substrata,  with  the  latter  being  the  best  choice.  The 
product  Is  a  place  of  "epidermis*  which  Is  similar  to  the  tissue  la  situ  by 
the  criteria  of  ultrastructure  and  biochemistry.  The  cultures  have 
desuosomes,  bundles  of  Intermediate  filaments  (l.e.,  tonof llaments) , 
keratohyalln-llke  granules,  and  as  many  as  20  cornlfied  orthokeratotic 
layers  on  their  upper  surface.  Biochemically,  these  cultures  exhibit  the 
changes  in  carbohydrate  structure  on  the  call  surface  visualized  by  the 
binding  of  lectins  ia  situ.  Staining  with  appropriate  monoclonal  antibodies 
Indicates  that  the  cultures  show  the  progression  of  keratin  maturation  seen 
In  vivo  as  well.  As  yet,  the.so  blochemlcsl  parameters  have  only  been  deter¬ 
mined  on  cultures  grown  on  coilsgen.  These  stratifying  terminally  differ¬ 
entiating  cultures  are  obtained  by  Initial  growth  being  submerged  until 
confluence  Is  reached,  followed  by  growth  at  the  alr/liquld  interface  until 
complete  comlflcatlon  Is  achieved.  The  growth  medium  Is  90X  Eagles' 
minimum  essential  medium  and  lOX  fetal  bovine  serum,  to  which  are 
added  10  ug/ml  of  hydrocortisone,  10  ug/ml  cf  Insulin,  and  an  antibiotic 
mixture  consisting  of  100  units/ml  of  penicillin,  100  ug/ml  of 
streptomycin,  and  0.05  ug/ml  of  fungizone.  Since  this  "lifted*  culture  has 
a  smooth  upper  surface  and  a  consistency  which  can  be  handled  for  analysis, 
this  system  can  be  used  for  topical  exposure  experiments. 

A  second  type  of  culture  available  for  this  study  is  a  submerged 
monolayer  of  proliferating  and  early  differentiated  keratinocytes.  This 
culture  has  to  ^ate  been  grown  in  plastic  culture  dishes  (Coming  Glass 
Works,  Corning,  NY).  Stratification  in  this  culture  is  prevented  by 
maintaining  a  recjced  level  of  calcium  Ion  (0.08-0.10  mM)  In  the  medium. 
Althoug?!  this  culture  was  reported  in  the  literature  to  be  composed  of 
proliferating  cells,  lectin-blndlng  studies  have  revealed  that  there  are 
a  considerable  number  of  early  spinous  cells  in  the  monolayer,  This  culture 
can  be  used  to  Identify  target  molecules  for  BCES  since  the  toxicant  is 
always  in  direct  contact  with  the  target  cells  in  this  biological  system. 
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This  typ«  of  culture  can  be  obtained  froa  huaan  as  well  as  anlaal  cells. 

In  developing  the  techniques  for  obtaining  appropriate  Inocula  for 
cell  cultivation,  proceduras  bccane  available  by  which  purified  populations 
of  basal  cells  can  be  obtained.  These  populations  srt  about  98Z  pure  In 
terms  of  Morphology  but,  again,  lectin>blndlng  studies  have  indicated  that 
the  preparations  have  aaall  percentages  of  cells  which  have  the  carbohy* 
drate  surface  structure  of  spinous  cells.  Nevertheless,  these  preparations 
sre  sufficiently  pure  to  be  useful  In  studying  the  effect  of  BCES  on  the 
differentlatlve  capabilities  of  keratlnocytes.  In  the  process  of  obtaining 
populatlona  of  basal  cells,  populations  of  the  various  differentiated  types 
can  be  obtained  as  a  mixture.  Centrifugation  in  a  self  forming  density 
gradient  of  Percoll  Is  used  to  obtain  these  populations.  To  date,  this 
preparation  has  only  been  obtained  from  animal  cells.  There  seems  no  reason 
to  doubt  that  the  procedure  can  be  applied  to  huaan  cells  as  well. 

Application  of  BCES  to  the  lifted  cultures  can  be  done  in  70Z  ethanol 
or  dlaethylsulfoxlde,  the  latter  being  preferred.  The  solvent  Itself  has 
some  effect  on  the  culture  as  observed  biochemically  but  there  seems  to  be 
no  convenient  way  around  this  problem  given  the  solubility  and  stability 
characteristics  of  BCES. 

Preliminary  work  has  been  accomplished  directed  at  Identifying  the 
most  sensitive  parameter  of  toxicity  from  exposure  of  the  culture  to  BCES. 
Preliminary  (!ata  suggest  that  lower  exposures  affected  the  integrity  end 
metabolism  of  DNA  isore  than  the  utilization  of  glucose,  glycolysis, 
protein  synthesis,  RKA  synthesis  and  the  respiration  of  mitochondria. 
Exposure  of  a  submerged  Monolayer  culture  Co  64  uM  BCES  resulted  In  the 
Insertion  of  so  much  single  strnnd  breakage  In  the  IMiA  that  this  level  was 
clearly  cytotoxic.  On  the  ocher  hand  affects  on  metabolism  required  an 
exposure  of  mors  than  100  uM  BCF.S.  At  an  oxposure  level  of  5  uM  BCES,  DNA 
is  still  damaged  but  the  cells  have  some  capability  of  repairing  their  DNA. 

Clutathlone  S>transferase  and  peroxidase,  two  enzymes  which  might 
Influence  the  toxicity  of  BCES  by  inactivating  the  toxicant,  were  Identi¬ 
fied  as  present  In  the  epidermis  ,.nd  were  purified  from  whole  skin. 

The  biological  systems  developed  In  this  project  are  appropriate  for 
use  in  determining  Che  mechanisms  responsible  for  the  molecular  and  cellu¬ 
lar  manifestations  of  toxicity  from  BCES.  Attention  should  now  be  focused 
on  determining  the  most  sensitive  toxic  responses  and  Identifying  those 
responses  which  are  primarily  responsible  for  those  manifestations  of 
toxicity  which  are  requisite  for  vesication. 
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FOREWORD 


Th«  sourc*  of  aniaal  claaua  for  prlaary  cultursa  describad  i>i  thia 
raport  was  naonatal  rata  darlvad  froa  tha  CFN  atraln  by  randoa  Bating  and 
raarad  in  tha  School  of  Public  Haalth's  aniaal  facility.  Thia  facility  is 
undar  tha  suparviaion  of  tha  Univarsity  Unit  for  Laboratory  Aniaal  Madi* 
eina.  Tha  Univarsity  of  Michigan  is  accraditad  by  tha  Aaarican  Accradita- 
tion  Association  for  Laboratory  Aniaal  Cara  (AAALAC) .  In  conducting  tha 
rasaarch  daacribad  in  this  raport,  tha  investigators  adhered  to  tha  *Gnida 
for  the  Cara  and  Use  of  Laboratory  Aniaals,*  prepared  by  the  Conaittea  on 
Cara  and  Use  of  Laboratory  Aniaals  of  tha  Institute  of  Laboratory  AxiiBal 
Rasourcaa,  National  Rasaarch  Council  (DHEU  Publication  No.  (NIH)  78'23, 
Revised  1978). 

Tha  source  of  human  tissue  was  foreskin  obtained  at  routine  eireuaci* 
sions  dona  at  Vonan'a  Hospital,  Tha  University  of  Michigan  Medical  Center, 
and  provided  without  Identification  of  tha  donor.  Tha  fora  utilized  to 
obtain  *  informed  consent"  was  tha  one  in  use  by  tha  hospital  for  routine 
circumcision.  Signature  on  thia  fora  allows  axperiaantal  use  of  tissues , 
Th<*  use  of  this  tissue  for  tha  present  project  has  bean  approved  by  a 
University  Human  Subjects  Review  Conaittaa,  and  for  tha  protection  of  human 
subjects,  tha  investigators  have  adhered  to  applicable  policies  of  Fadaral 
Law  4SCFR46. 

Citations  of  coaaercial  organizations  and  trade  names  in  this  raport 
do  not  constitute  an  official  Department  >f  the  Amy  endorsement  or  approv¬ 
al  of  tha  products  or  services  of  these  c rganizations . 
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A.  Stateaant  of  th«  Probloa  under  Study 

The  overall  objective  of  this  investigation  la  to  elucidate  the  aole- 
eular  aechanlani  by  which  bls> (J*chIoroethyl)aulflde  (BCES)  exerts  its  vesi¬ 
cant  action  vhon  applied  topically  to  huaan  skin.  The  theoretical  and 
technical  advances  which  have  occurred  In  cutaneous  biology  over  Che  past 
several  decades  encourage  the  view  that  this  objective  can  be  achieved.  It 
appears  likely  that  the  nost  productive  application  of  the  new  knowledge 
would  be  In  experimants  Involving  cultures  of  cpldemal  keratlnocytes . 
Studies  Iq  vitro  should  allow  better  controlled  experlaents  and  ylald  aora 
reproducible  data  than  la  true  Jjj  vivo. 

The  technical  objectives  of  this  projsct  are  to  develop  appropriate 
culture  systems  of  apldernal  karatlnocytas  for  use  In  the  study  of  subcel- 
luler  and  macroaoleculer  toxic  aanlfaststlons  resulting  from  environmental 
axpoeure  to  Irritant  chemlcala,  particularly  &CE.S,  to  astabllsh  the  credi¬ 
bility  of  these  aystems  for  Invattlgatlng  the  molecular  mechanisms  of 
these  effects,  and  to  determine  whether  these  systems  csn  be  used  to 
develop  procedures  by  which  toxic  rssponses  can  be  neutralized. 

Tha  specific  elmn  which  guide  the  study  are  aa  followa; 

1.  To  develop  in  vitro  systems  which  can  be  us  d  to  elucidate  the 
molecular  mechanisms  responsible  for  damage  In  the  mammalian  cutaneous 
epidermis  exposed  to  BCES 

2.  To  Identify  changes  In  morphological  and/or  biochemical  parsnetars 
(a.g.,  ultraatructurt,  structure  and  metabollam  of  DNA,  enzymatic  activity, 
and  physiological  function)  which  can  ba  used  tn  vitro  ss  early  indicators 
of  the  type  of  chemical  destruction  of  the  basal  germinatlva  population  of 
calls  that  la  assoclatad  with  Intraepldermal  vaalcatlon  such  aa  occurs  from 
exposura  to  BCES 


B.  Background  in  Llteratur  :. 

1.  Anatomy  of  blistering 

Application  of  BCES  to  huaan  skin  rasulta  in  an  Initial  erythema 
followed  by  blletarlng.  Stoughton  (1)  has  noted  that  In  veelcatlon  “fluid 
ar C'laulation  la  almcat  always  secondary  to  fundamental  damage  to  the 
cel luler  atructurea"  and  has  defined  a  blitter  aa  “an  abnormal  accumulation 
of  fluid,  completely  replacing  the  pre-existing  tissue  structure,  capped  by 
a  part  or  ell  of  the  epidermis."  The  bllater  seen  efter  exposure  to  BCES 
fit*  this  description.  The  progression  to  ultimate  blistering  from  this 
agent  proceeds  irrevocably  r.less  the  action  of  the  chemical  is  neutralized 
within  tha  first  several  mlnutaa  of  expoSura.  Warthln  and  Wellar  (2)  and 
Sinclair  (J)  noted  that  Che  process  Initially  Involvet  destruction  of  the 
basal  and  lower  apinous  layers  of  the  epidermis.  Presumably,  the  cellular 
destruction  that  produce*  a  cavity  In  the  tissue  precedes  the  actvsal  fluid 
acccwilatlon.  At  later  stages  In  the  destructive  process,  rha  necrosis  may 
spread  to  the  upper  spinous  snd  granular  layert  aa  well  aa  Into  the  dermis. 
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Blistering  Is  rsrs  In  snissls  snd  sppssrs  to  bs  s  rssetlon  prlssrlly  sssn 
in  hussns  in  vhoa  it  Msy  sriss  ss  s  coaponsnt  rf  various  cutaneous  disaasas 
snd  ss  a  result  of  sxposurs  to  sons  biological  (s.g.,  harpeavlrus) , 
physical  (a.g.,  ultraviolet  radiation)  or  chealcal  (s.g.,  Mustards) 
strsssers.  The  blistor  laay  develop  at  different  levels  in  the  skin  depend¬ 
ing  upon  the  etiologic  agent  involved. 

2.  liocheaiistry  of  blistering 

Bines  different  vesicants  produce  blisters  at  different  levels  in 
the  tissue,  it  ifould  not  be  unexpected  if  the  biochenlstry  involved  were 
different,  depending  on  the  location  of  the  blister. 

Bxposure  to  a  austard  Xq  vivo,  will  causa  separation  at  the 
denaal'spideraal  Junction,  i.e.,  tbo  blister  appears  at  that  level  in  the 
tissue.  Froa  a  description  of  the  tlae  course  of  dematopatholoslcsl 
developaent  and  the  tisM  after  exposure  within  which  the  process  can  be 
reversed,  it  la  elsar  that  the  aslecular  course  of  the  pathological  process 
is  sec  within  the  first  3  ain  of  exposure  Xq  vivo.  Varthin  snd  Velier  (2) 
found  that  erytheas,  inflaasMtion,  and  vesication  were  not  reversed  by 
therapy  (i.e.,  application  of  chlorinated  lias)  Initiated  after  3  ain  of 
exposure  to  BCES. 

The  nolscular  aechanlsa  of  BOXES' a  effect  is  unknown,  but  sub¬ 
stances  in  this  class  are  powerful  alkylating  agents  of  PNA  and  alkylated 
ONA  could  lead  to  inhibition  (or  at  least  delay)  of  replication,  to  gene- 
ralixed  breakdown  of  daaegev^  ONA  leading  to  cell  death  (ef  4),  and  to  low 
fidelity  repair  resulting  in  autatlons  with  consequent  disruption  of  noraal 
•etabolic  function  (4,  3)  Mustards  can  alao  alkylate  RNA,  with  consequent 
interference  in  the  translation  of  genetic  Inforaatlon  and  protsin  (6), 
resulting  in  aetebolic  disruption  (4).  BCES,  being  a  bifunctional  austard, 
can  also  cross-link  PNA  and  DNA  to  IMA  or  to  protein.  The  aost  iaportant 
•olecular  target  appears  to  be  the  DNA  (7).  BCES  alkylates  and  cross-links 
St  tlie  purine  bases.  Alkylstion  of  the  phoephete  groups  in  ONA  can  also 
occur.  On  the  basis  that  dsasged  protsins  can  be  replaced  whereas  desMged 
WA  nay  be  irrevocably  haraed,  the  DNA  would  seea  to  be  the  aost  iaportant 
target  of  toxicity  by  BCES, 

exposure  of  Isolated  skin  to  e  vwslcent  for  as  little  ss  3  ain 
can  result  in  the  irdiibition  of  glycolysis  end  respiration  (I).  Glycolysis 
is  Inhibited  by  e  lower  concentration  of  toxicant  then  is  necssSery  to 
obtain  inhibition  of  respiration.  In  the  case  of  exposure  to  austerds,  this 
effect  seesM  to  be  a  consequence  of  a  reduced  level  of  pyridine  nucleotides 
in  the  ceil  (9,  10).  Becent  evidence  suggests  that  BCES  esusss  e  lowered 
level  of  pyridine  nucleotides  by  virtue  of  the  stiamlation  of  poly  (ADF) 
pol3raersa#  (11). 

Clutethione  affects  the  toxicity  of  BCES  because  aost  of  the  BCIS 
that  enters  Che  body  is  conjugated  with  glutethlone  and  excreted  (12). 
Minor  t'.rlnary  exerstory  products  auiy  Include  blu -cysts Inylathyl  sulfone  and 
thlodlglycol  foraed  nonensyaecicelly  (13). 


12 


3.  Repair  of  alkylated  DHA 

In  bacteria,  the  ability  to  axclae  lCES*alkylatad  producta  froa 
DHA  la  associated  with  Increased  resistance  to  the  austard  (14).  Apparently 
both  aono*  and  blfunetlonal  adducts  can  be  reaoved  froa  DNA  since 
coaparable  aaotmts  of  Induced  repair  synthesis  have  been  observed  In  HeLa 
cells  exposed  to  doses  of  BOSS  and  the  analogotis  half<austard,  both 
coapounds  being  equally  toxic  (IS).  However,  there  appears  to  be 
dlsagraeaent  as  to  the  relative  rates  at  which  repair  of  the  two  types  of 
lesions  occurs  (IS, 16).  Given  the  aechanlsas  probably  involved  In  the  two 
repair  processes.  It  seeaa  unlikely  that  raaoval  of  the  cross-links  could 
occur  as  quickly  as  repair  of  aonofunctlonal  adducts  (cf  7).  Intuitively, 
It  appears  aore  likely  that  the  cross-link  would  be  reaoved  one  era  at  a 
tlaa  rather  than  both  aras  slaultaneously  since  the  latter  process  would 
insert  a  double  strand  break  which  could  be  lethal.  Of  course,  this  assunes 
that  the  aechanlsa  of  repair  la  not  slaple  base  replaceaent.  Detailed 
Inforaatlon  on  the  aolecular  aechanlsas  by  which  BCES- Induced  lesions  In 
DNA  are  repaired  does  noc  seen  to  be  available. 

4.  Cultivation  of  keratlnocytes 

The  two  aaln  types  of  cells  In  the  skin  are  fibroblasts  (deraal) 
and  keratlnocytes  (eplderaal).  Only  the  keratlnocytes  existing  at  the 
deraal -eplderaal  Junction  can  double  their  DNA  and  undergo  altosls  although 
all  nucleated  keratlnocytes  can  repair  their  DNA  (17,  18).  Fibroblasts  are 
easily  cultivated  using  basal  aedlua  aupplaaented  with  serum  (19). 
Cultivation  of  keratlnocytes  requires  aore  strlngenr  attention.  Several 
systens  are  available  for  cultivating  keratlnocytes.  The  best  Involve  the 
use  of  a  substratum  of  collagen  (20,  21)  or  a  feeder  layer  of  Irradiated 
fibroblasts  (22).  Conditioned  aedlua  Is  also  useful  (23)  but  not  necessary 
(24,  25)  Good  growth  can  he  obtained  by  supplementing  the  medlva  with 
growth  factors  such  as  epidermal  growth  factor  (22,  26)  and  hormones  (27). 
Vaughan,  at  al.(28)  reported  successful  cultivation,  passage,  and  Increased 
plating  efficiency  of  murine  keratlnocytes  after  supplementing  basal  medium 
1th  hydrocortisone  and  Insulin. 

Most  of  the  cultures  of  keratlnocytes  fora  monolayers,  with  some 
aultf. layering  and  production  of  cornlfled  layers.  However,  they  do  not 
reproduce  structural  characteristics  typical  of  their  counterparts  Iq  situ. 
There  have  been  previous  reports  of  stratification  of  rabbit,  human,  and 
rat  keratlnocytes  with  some  cellular  characteristics  similar  to  Intact 
epidermis  (17,  18,  29).  Lillie,  at  al.  (30)  tultured  rat  lingual 
epithelial  cells  at  the  alr/liquid  interface  by  lifting  collagen-supported 
cultures  on  organ  culture  grids.  This  resulted  in  stratification  and  tansl- 
nal  differentiation,  with  crganellar  components  similar  to  the  parent 
tissue.  Preliminary  data  from  the  application  of  this  technique  to  primary 
Isolates  of  cutaneous  keratlnocytes  In  this  laboratory  suggested  chat  this 
procedure  could  be  aK}dlfied  to  produce  an  “epidermis”  which  would  be  useful 
for  the  purposes  of  the  present  investigation. 
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C.  lxp«TiMiital  Eatlonala  for  th«  Invastlgation 

A  tissiw  culturo  of  cutaneous  karacinocytaa  providea  a  biological 
systen  In  which  the  direct  interaction  of  BCES  with  nolecular  and  cellular 
elenente  can  be  studied  without  the  systenlc  influences  which  secondarily 
affect  the  toxic  nanlfestationa .  If  the  culture  were  to  have  the  norpholog- 
ical  and  biocheaical  characteristics  of  the  epldensis  ia  situ,  the  node  of 
huaan  exposure,  topical  application,  could  be  atalcked  experlaentally  and 
the  results  would  probably  have  store  credibility  in  tenas  of  application  to 
the  altxiation  Jjj  vivo.  Furtherwcre ,  if  cultures  of  hunan  keratinocytes  were 
used,  the  study  would  be  as  close  to  the  "hunan  condition*  as  one  could  get 
without  traujsa  to  a  hunan  volunteer.  Therefore,  the  stain  aystea  to  be 
developed  in  this  investigation  was  the  stratified  terminally 
differentiating  culture  of  hunan  cutaneous  keratinocytes.  En  route,  several 
other  systeas  would  be  used,  including  a  proliferating  aonolayec  of 
keratinocytes  and  cultures  of  keratinocytes  derived  froa  the  skin  of  the 
newborn  rat.  Additionally,  an  effort  would  be  aade  to  isolate  and  purify 
populations  of  basal  and  differentiated  cells,  respectively. 

Molecular  paraneters  of  toxicity  were  to  be  tested  in  the  submerged 
aonolayer  culture  to  establish  a  range  of  effective  exposures  to  BCES.  The 
Intent  was  to  detemina  which  indicators  of  toxicity  appeared  at  the  lowest 
exposure  end  then  to  determine  whether  these  parameters  are  relevant  to 
toxicity  as  observed  in  stratified  cultures  after  topical  application  of 
BCES  at  dosages  equivalent  to  those  which  produce  a  toxic  response  1q  vivo . 
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D.  Frograss  Rai>ort  (15  Septeadier  1982  «  1.4  Saptaabar  1985} 

Tha  apaclfic  alas  of  tha  original  contract  proposal  and  prcgraaa 
tovard  thair  achiavenant  co  data  are  aa  follows: 

1.  To  develop  in  vitro  syataas  idiich  can  be  vssd  to  elucidate  the 
■olacular  aachanisna  responsible  for  daaaga  in  the  aaaaalian 
cutaneous  apidarais  exposed  to  BCES. 

a.  Davelopaent  of  protocols  for  obtaining  stratified,  diffarer> 
tiated  cultures  of  keratinocytes 

1)  Culture  techniques 

Procedures  have  been  developed  for  cultivating  keratino¬ 
cytes  at  the  air/liquid  interface  in  normal  calciua  so  as  to  produce  a 
"tissue*  whose  aorphology  and  biocheaiatry  are  siailar  to  the  epidermis  in 
8l£U- 

a)  Rat  cells 

Epidermal  basal  cells  were  obtained  froa  newborn  rat 
epidermis  (28)  by  trypsinization,  purification  on  gradients  of  Ficoll 
(Pharmacia,  Plscataway,  New  Jersey)  and  suspension  in  complete  growth 
aediua  [90Z  Eagles'  ainiaum  essential  aediua  (HEM);  lOZ  fetal  bovine  serum 
(both  froa  KC  Biologicals,  Lenexa,  Kansas);  10  ug/al  of  insulin  and  10 
ug/al  of  hydrocortisone  (both  froa  Sigma  (^eaical  Company,  St.  Louis, 
Missouri);  100  unlts/al  of  penicillin  and  100  ug/al  of  streptomycin  (both 
froa  Pfizer  Laburatorles,  New  York,  New  York),  and  0.05  ug/^1  of  fungizone 
(Cibco,  Grand  Island,  New  York)]  to  a  concentration  of  10^  cells  per  al. 
The  cells  were  then  seeded  onto  a  substratua  and  incubated  submerged  in 
growth  aediua  until  a  aonolayer  was  formed  as  a  result  of  proliferation. 
The  aonolayer  of  keratinocytes  was  then  lifted  to  the  air/liquid  interface 
using  procedures  appropriate  to  the  substratua  on  which  the  cells  were 
grown  as  noted  below  in  section  c,  "lifting  techniques”. 

b)  Human  cells 

Keratinocytes  froa  huaan  foreskin  were  isolated  and 
cultured  using  essentially  rhe  saae  aethodology  as  reported  by  Vaughan  et 
al.  (28),  for  the  Isolation  of  epidermal  keratinocytes  froa  newborn  rat 
skin.  The  tissue  was  sterilized  by  soaking  in  70Z  alcohol  for  2  ain,  and 
th?  subcutaneous  adipose  tissue  was  reaoved  by  scraping  with  a  scalpel. 
The  tiosue  was  then  cooled  to  4°C  and  incubated  with  0.25Z  trypsin  1:250 
Difeo,  Detroit,  Michigan)  for  14  hr  at  4®C.  After  rinsing  with  cold 
E,«gles'  balanced  salt  solution  (EBSS),  the  epiderais  was  separated  froa  the 
dermis  and  basal  cells  wire  brushed  froa  the  underside  of  the  epidermis 
using  a  caael's  hair  brush.  The  cell  suspension  was  centrifuged  at  60  x  g 
for  5  win  end  plated  on  a  collagen  or  plastic  substratua. 
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c)  Llftliig  t*chniqu*s  j 

Monolayer  cultures  of  keratlnocytes  grown  on  colla¬ 
gen  gels  vers  lifted  by  one  of  two  aethods:  a)  cutting  triangular  segments 
of  the  collagen  gel  containing  the  monolayer  of  keratlnocytes  and  placing 
the  sogmonta  on  organ  culture  grids  suspended  at  the  interfkce  of  the 
liquid  awdlua  and  the  atmosphere,  or  b)  growing  the  cells  on  coHagen  gels 
that  lied  been  formed  on  nylon  mash  and  lifting  them  by  removingj  the  entire 
cultwre  from  the  original  dish  and  floating  it  on  the  surface  of  fresh 
aedluii  In  a  second  dish. 

Monolayer  cultures  of  keratlnocytes  grcnm  on  syn¬ 
thetic  membranes  were  lifted  by  one  of  two  aethods:  a)  the  organ  culture 
method,  or  b)  the  glass  fiber  pad  method  which  consisted  of  saturating  a 
pre-filter  pad  with  growth  medium  and  placing  the  membrane  on  top  of  the 
pad  so  that  the  surface  of  the  culture  was  exposed  to  the  atmasphera  and 
the  bottom  of  the  culture  was  in  contact  with  the  medium.  Thasal  procedures 
are  diagrammed  in  Figure  1.  [ 

Incubation  of  the  cultures  on  either  sublstratum  was 
then  continued  with  the  cultures  being  fed  by  diffusion  ot  nutrients 
through  the  collagen  or  nylon  substratum. 

2)  Studies  of  substrata 

Different  substrata  were  studied  in  an 'effort  to 
identify  conditions  which  encourage  differentiation  of  murine  keratlnocytes 
so  as  to  make  the  cells  take  on  more  characteristics  of  the  epidermis  in 
ll&U.  I 

a)  Cultivation  of  rat  keratlnocytes  on  collJgen  gels 

j 

Growth  and  differentiation  of  keretinocytes  on 
Vitrogen  100  per  se  were  unsatisfactory  because  the  collagen  gel  deterio¬ 
rated  after  5-8  days  of  cultivation.  The  collagen  substratum  became  thin, 
holes  developed,  and  the  culture  contracted  into  clumps  of  cells.  Attempts 
to  alter  the  gel  in  order  to  overcome  this  problem  were  not  successful.  As 
a  result,  studies  were  initiated  using  collagens  from  other  sources  as 
substrata  to  support  the  cultures.  As  descr:  bed  below,  combining  Vitrogen 
100  with  other  collagens  provided  an  effective  substratum  for  icultivation 
of  keratlnocytes  from  the  cutaneous  epidermis  of  the  newbomj  rat.  Other 
types  of  collagen  that  were  Investigated  and  found  to  be  uniatisfactory 
were  htmtan  placental  collagen  and  type  IV  collagen  from  mouse  sircoma. 

Hat  tail  and  rat  tendon  collagens,  | separately, 
supported  keratlnocyte  growth  squally  well.  By  24  hr  following  seeding  on 
these  collagens,  numerous  areas  of  confluent  growth  ware  tbserved  and 
almost  three  -  fourths  of  the  area  of  the  culture  vessel  was  covered. 
Confluence  resulted  after  4  days  of  incubation,  as  compared  wiith  6-7  days 
for  cultures  grjwn  on. plastic.  However,  as  a  result  of  the  low  viscosity 
of  collagen  from  both  rat  tall  and  rat  tendon,  cutting  and  lifting  such 
cultures  to  the  liquid/air  Interface  proved  to  bo  very  difficult. 
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Assembled  Side 

View 


METHOD  I 


METHOD  II 


"Otgan  Culturt”  Maehod 


''Clase  Fiber  Pad"  Hachod 


Figure  1.  Scheaatle  diagraa  llluatratlng  two  aethoda  for  culturing  lifted 
cutaneoua  cpldenBal  calla  at  the  liquid/air  interface,  /fatbod  I:  The  aaeded 
cella  are  grown  in  aubaerged  culture  oti  the  ■ead>ranoa  for  S*7  daya.  A  metal 
grid  (G)  ia  uaed  to  aupport  the  membrane  on  which  the  cella  are  growing. 
The  culturea  are  then  maintained  in  organ  culture  diahea  (OCO)  at  the 
liquid/air  interface  for  periods  \xp  to  2*3  weeks.  Mmthod  II:  The  seeded 
cella  are  grown  in  submerged  culture  on  the  membranes  for  5*7  days.  The 
membranes  are  transferred  to  a  Petrie  dish  (PO)  containing  a  glass  fiber 
filter  in  fresh  medium,  where  the  cultures  on  the  membranes  continue  to 
differentiate  at  the  llquld/air  interface.  The  bottom  diagram  for  each 
method  shows  a  longitudinal  section  through  both  of  the  culture  systems. 
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Nixing  Vltrogcn  100  with  rat  tail  collagen  in 
ratios  of  1:1,  1:4,  3:1,  and  4:1  (w/v)  allaviatad  the  problea  of  low 
viscosity  with  the  latter  collagen.  Cells  attached  and  spread  evenly  on 
these  substrata  and  onfluence  w.is  reached  zb  rapidly  as  cells  seeded  on 
rat  tall  or  rat  tendon  collagen,  per  se.  However,  stratificaticn  proceeded 
■ora  uniforaly  throughout  the  culture  seeded  on  the  collagen  Mixtures,  as 
eoapared  with  the  softer  collagens.  The  1:1  Mixture  vi's  used  to  study  the 
stratification  and  differentiation  of  keratinocytes  after  incubation  at  the 
air/llquid  Interface.  Figure  2  is  a  cross 'Sectional  transalssion  electron 
■icrograph  of  a  culture  grown  on  the  1:1  collagen  Mixture  at  the  air/liquid 
Interface  for  7  days.  As  can  be  seen,  the  cells  nearest  the  collagen  gel 
have  a  cuboidal  shape  with  a  single  nucleus,  one  or  two  large  nucleoli, 
dvsMosoaes,  tonofilaMents .  nunerous  free  ribosones,  secondary  lysosoaes, 
and  ntiaerous  Microvilli  extending  fron  the  cell  surfaces.  Large  electron* 
dense  Inclusions  resembling  keratohyal in  granules  have  alvo  been  observed. 
Vp  to  20  layers  of  flat,  corn! fled  cells  i!'eseabllng  the  ctratua  comeum 
have  been  found  on  the  top  of  lifted  cultures  «dilch  had  been  Incubated  for 
14  days  at  the  air/llquid  interface. 

b)  Cultivation  of  Murlne  karatlnocytec  on  synthetic 
Menbranes 

i.  A  eoMparison  of  the  ability  of  different 
Menbranes  to  support  keratinocyte  attachment 
and  growth 

Synthetic  menbranes  offer  a  pronising  rc' 
placenent  for  collagen  as  a  substratua  for  the  growth  and  differentiation 
of  keratinocytes  lo  vitro.  There  is  good  quality  control  for  the  Menu* 
facture  of  the  Maabranes  so  that  cultures  Should  be  More  unlfora  when  grown 
on  Menbranes  as  eoapared  with  collagen  gels.  Various  sizes  can  be 
purchased  eoaaerclally  or  cut  to  specifications  after  receipt,  thus  Making 
it  such  More  convenient  to  produce  raised  cultures.  Membranes  seem  to  offer 
■uch  More  stability  than  collagen  for  the  support  of  long-term  cultivation. 
A  Major  disadvantage  of  the  membrane  is  its  opacity.  As  a  result,  the  pro¬ 
gress  of  a  culture  cannot  be  followed  by  light  Microscopy,  as  can  be  done 
when  collagen  Is  used  as  the  substratum.  However,  the  advantages  of  using 
the  synthetic  neabrane  outwelgii  the  disadvantages. 

Several  types  of  synthetic  Membranes  have  been 
selected  for  extended  study.  Some  were  selected  because  of  their  natural 
transparency,  although  Most  could  be  rendered  at  least  partially 
transparent  by  appropriate  histological  procedures.  Another  group  was 
exanlned  because  they  were  manufactured  especially  for  tissue  culture  and 
have  no  added  watting  agent.  Some  were  received  sterile  and  others  were 
sterilized  with  70Z  ethanol.  Table  1  lists  the  Membranes  selected  for 
study.  Membranes  labeled  A,  B.  S,  and  P  ware  specifically  Manufactured  for 
use  in  tissue  culture  procedures. 

To  test  the  ability  of  these  Membranes  to 
stipport  differentiating  keratinocytes,  basal  cells  vers  seeded  onto  steri¬ 
lized  surfaces,  submerged  in  medium,  and  incubated  to  produce  monolayers 
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Figure  2.  Cultured  cutaneous  epldemal  cells  on  collagen  (C)  gel,  5  days 
stibnerged,  7  days  lifted.  Keratohyalln  <K) ,  suprabasal  cells  (SB),  nucleus 
(Nu),  stratw  come\im  (SC).  x5,520. 


TABLE  1 


Synthetic  Meabranes  Selected  for  Study  of  Attachment  and  Proliferation  of 

Rat  Keratlnoocytea  ia  vitro 


Membrane  Pore  size 
(vim) 

Material 

Source 

A.  #HA-TF 

0.45 

Cellulose  nitrate 
Cellulose  acetate 

Mlllipore,  Bedford,  Maine 

B.  IRA-TF 

1.20 

Cellulose  nitrate 
Cellulose  acetate 

Mllllpore 

C.  #HV-LP 

0.45 

Polyvlnylldene  fluoride 

Mlllipore 

D.  #GA-6 

0.45 

Cellulose  triacetate 

Gelman  Sciences, 

Ann  Arbor,  Mlchlgt n 

E.  #TCM-200 

0.20 

Cellulose  triacetate 

Gelman  Sciences 

F.  #TCM-A50 

0.45 

Cellulose  triacetate 

Gelman  Sciences 

G.  fPuropors- 
200* 

0,20 

Nylon 

Gelman  Sciences 

H.  #Puropore- 
450 

0,45 

Nylon 

Gelman  Sciences 

I.  #HT-200W* 

0,20 

Polysulfone 

Gelman  Sciences 

J .  #Abroshield 
L* 

0.00 

Polyethylene 

Gelman  Sciences 

K.  #MEM** 

1.00 

Silicon-polycarbonate 

General  Electric, 
Schenectady,  New  York 

L.  #Nylon-66 

0.45 

Nylon 

Ralnin,  Woburn.  Maine 

M.  #Nuclepore 

0.40 

Polycarbonate 

Nuclepore,  Pleasanton, 
California 

These  membranes  were  supplied  through  the  courtesy  of  the  manufacturer 
and  are  not  available  commercially. 

Tnls  membrane  was  still  In  the  experimental  stage  and  was  obtained  from 
General  Electric  by  request. 
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MS  d«8cribed  under  *cul^r«  techniques  in  section  1.  Multiple  samples  of 
each  type  of  membrane  were  seeded  so  that  after  various  periods  of 
in.nibatlon,  representative  cultures  could  be  fixed  In  Camoy  solution, 
stained  with  hematoxylii^,  and  mounted  for  light  microscopy.  Some  cultures 
which  exhibited  good  g]|owth  were  converted  to  lifted  cultures.  After 
various  periods  of  Incubation  at  the  llquld/gas  Interface,  cultures  were 
fixed  and  orepared  for  both  light  and  electron  microscopy. 

IThe  growth  of  keratinocytes  on  the  various 
alltatlvely  as  to  attachment  and  proliferation 
and  compared  with  controls  which  were  grown  In  commercially  prepared 
plastic  culture  vessels.  The  data  obtained  are  shown  In  Table  2. 

The  nylon  membranes  (G,  H,  and  L  In  Table  1) 
supported  cell  growth  substantially  better  than  the  others  and  actually 
promoted  more  than  a  twofold  Increase  In  cellular  proliferation  when 
compared  with  growth  on  plastic.  The  number  of  layers  Increased  with  time 
until  about  10  days  after  being  lifted,  at  idilch  time  layers  near  the  top 
of  the  ''ulture  began  to  slough  and  the  tocal  nvunber  of  layers  remained  more 
or  less  constant. 

Membranes  manufactured  especially  for  tissue 
culture  (A,  B,  E,  and  F  ih  Table  1)  wete  the  next  most  efficient  supporters 
of  keratinocyte  attachment  and  proliferation.  The  growth  on  these 
membranes  also  exceeded  that  on  plastic  controls.  None  of  the  naturally 
transparent  membranes  exaiklned  supported  growth  at  any  acceptable  level. 

i 

I  Membranes  selected  for  further  study,  because 
of  resulting  excellent  growth  on  their  surfaces,  were  the  nylon  and  "tissue 
culture*  grade  membranes  produced  by  G'elman  Sciences,  Ann  Arbor,  Michigan. 
After  monolayers  were  formed  on  the  surface  of  these  membranes  (7  days), 
the  cultures  were  raised  to  the  llquid/alr  Interface  to  promote 
stratification  and  differentiation.  Multllayerlng  was  observed  for  both 
types  of  membranes  but  more  cell  layers  formed  In  cultures  grown  on  nylon 
membranes  than  on  others.  | 

ll.  Morphological  observation  of  differentiating 
■  keratinocytes  on  nylon  membranes 

I  Rat  keratinocytes  were  seeded  onto  nylon 
membranes  (13  mm  In  diameter)  placed  In  multiwell  plastic  culture  vessels 
and  Incubated  until  a  monblayer  developed  (6-7  days).  The  growth  of  the 
cells  was  monitored  by  filing  samples  taken  at  various  times  and  preparing 
them  for  histological  exanlnaticn.  After  the  monolayer  was  formed,  the 
culture  growing  on  the  membrane  was  lifted  to  the  llquid/alr  Interface  by 
one  of  the  two  methods  described  above  and  Incubated  for  4-23  days,  after 
which  It  was  fixed  for  transmission  electron  microscopic  observation. 

Electron  micrographs  from  specimens  taken  at 
selected  Intervals  between  4  and  23  days  showed  that  after  Incubating  the 
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TABLE  2 


Evaluation  of 

Various  Membranes  as 
and  Growth  as 

Substrates  for 
Monolayers* 

Keratinocyts  Attachment 

Approximate  Percentage  of  Control  Values^ 

Meidsrano 

24-hr  Incubation 

7 -day  Incubation  14 -day  Incubation 

Puropore>200 

150 

200 

250 

Puropore-450 

150 

200 

250 

TCM.200 

125 

175 

200 

TCM-450 

125 

175 

200 

Nylon- 66 

125 

175 

200 

HA-TF 

130 

175 

200 

RA-TI 

130 

150 

175 

HV-LP 

90 

80 

80 

GA-6 

90 

80 

80 

HEN 

75 

70 

70 

Nuclepore 

60 

30 

30 

HT-2200W 

15 

5 

0 

Acroshield  L 

0 

0 

*  Keratinocytes ,  obtained  as  described  on  page  12,  were  seeded  onto  60  mm 
plastic  culture  dishes  (Coming  Class,  Coming,  New  York)  or  on  47  mm 
membranes  of  the  Indicated  materials  at  2.S  x  10^  cells  per  membrane  or 
dish  and  Incubated  for  24  hr  (indicative  of  attachment) , or  7  or  14  days  (as 
a  Bseastire  of  growth) ,  The  extent  of  attachment  and  growth  was  determined 
after  fixing  the  cells  in  lOX  phosphate  buffered  formalin,  staining  with 
hematoxylin,  clearing  with  xylene,  mounting  on  slides  with  permount  and 
cotmtlng  stained  nuclei  per  unit  area  electronically  using  the  Bioquant 
Image  Analysis  system  (R.  and  H.  Oiometrics,  Nashville,  Tennessee),  N^-5. 

^  Controls  were  cultures  grown  on  the  plastic  dishes  that  contained  about 
900  cells/naa^  after  24  hr  and  1800+100  cells/mm^  between  the  seventh  and 
fourteenth  day  in  culture. 
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lifted  cultures  for  4  days  (Fig.  3),  four  to  five  cell  layers  had 
developed,  with  the  topmost  cell  layer  containing  degenerated  nuclei.  By 
day  7  (Fig.  4),  additional  layers  were  formed  and  more  flat  comified  cells 
appeared  at  the  surface.  Characteristic  desmosomal  attachment  plaques  were 
seen  scattered  throughout  the  cell  layers.  In  older  lifted  cultures,  l.e., 
those  incubated  at  the  llquld/alr  Interface  for  12  or  17  days  (Figs.  5'7), 
six  to  seven  nucleated  cell  layers  and  approximately  ten  layers  resembling 
the  comified  cells  of  the  normal  epidermis  had  formed.  Several  epidermal 
morphological  markers  were  observed,  e.g. .  desmosomes,  keratohyalin>like 
granules,  tonofilaments ,  and  layers  of  squamous  cells  on  the  outer  surface 
that  form  the  stratum  comeum  of  the  epidermis  is  situ.  The  total  number 
of  cell  layers  appeared  to  have  increased  with  time  of  incubation  at  the 
liquid/air  interface  and  to  have  reached  a  maximum  number  at  approximately 
14*23  days. 

Although  collagen  (Vitrogen  100  *  rat  tail 
collagen)  can  serve  well  as  a  substratum  for  cultivation  of  lifted  murine 
keratinocytes ,  the  nylon  membrane  appears  to  be  as  good  if  not  better  as  a 
substratum.  Cultures  grown  on  the  nylon  membrane  have  more  even  surfaces 
and  are  better  organized.  Also  the  cells  attach  to  the  membrane  more 
evenly  than  they  do  to  collagen.  The  membrane  is  more  convenient  to  vue 
because  of  the  added  work  ar.d  care  needed  to  produce  a  collagen  substratum. 
Unfortunately,  as  noted  above,  the  membrane's  opacity  prevents  constant 
monitoring  of  growth,  which  would  be  desirable. 

c)  Determination  of  the  effect  of  added  factors  on  attach¬ 
ment  and  proliferation  of  keratinocytes  on  various 

substrata 

Several  factors  are  employed  in  cell  cultivation  to 
enhance  the  attachment  and  subsequent  growth  of  mammalian  cells  la  vitro. 
Attachment  factors  that  1q  vivo  seem  to  play  a  role  in  the  development  of 
epithelial  tissues  have  been  investigated  to  enhance  attachment  and  pro¬ 
liferation.  Such  factors  are  found  in  the  basement  membranes  of  these 
tissues  and  two  of  them,  i.e.,  laminin  and  type  IV  collagen  have  been 
Isolated  in  relatively  pure  form.  Several  experiments  have  been  conducted 
using  these  factors,  alone  or  in  combination,  to  precoat  plastic  and  syn¬ 
thetic  membranes  as  substrata.  These  factors  have  also  been  compared  with 
another  biologically  active  factor,  human  flbronectin  (Collaborative  Re¬ 
search,  Bedford,  Maine),  which  is  widely  used  in  cell  culture. 

Laminin  (Bethesda  Research,  Bethesda,  Maryland) 
supported  attachment  of  keratinocytes  to  both  plastics  and  membranes  much 
better  than  did  human  flbronectin.  In  fact,  keratinocytes  seeded  on 
surfaces  coated  with  the  latter  did  not  attach  as  well  as  they  did  on 
plastics  while  those  seeded  on  laminin  coated  surfaces  awtached  better. 
For  example,  20X  more  cells  attached  to  TCM-200  filters  coated  with  laminin 
than  to  untreated  ones  although  monolayers  of  equal  confluency  usually 
resulted  In  both  after  incubation  for  7-10  days.  This  was  determined  by 
counting  stained  cells  in  a  given  growth  area  os  described  in  section  b)  1, 
above.  However,  a  problem  was  discovered  concerning  the  precoating  of 
surfaces  with  laminin  for  cell  cultivation.  After  about  14  days,  the 
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Figure  A.  Cutaneous  epidennal  cells  froa  the  rat  grown  on  nylon  membrane 
(M)  for  7  days.  Note  the  flat  shape  of  nuclei  (Nu)  and  the  lower  basal  (B) 
cells  as  well  a»  tlie  increased  number  of  thick  layers  In  the  suprabasal 
(SB)  strata  and  Ima  ire  coinlfled  (SC)  cells  at  thb  top  of  the  culture. 
x5,500. 


Figur*  5.  Cut*n«out  •pld«ra*l  cell*  fro*  the  ret  grovn  on  nylon  eewbrane 
(H)  for  12  deye.  Beeel  celle  (B).  euprebeeel  cell*  (SB),  etretxi*  corneu* 


(SC),  nucleus  (Nu) .  x5,500. 
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Figure  h.  Cutaneoua  epldensal  c#U«  fron  the  ret  grown  on  nylon  ■embrene 
(M)  for  15  day*.  l»ot#  the  accumaletlon  of  leyer*  In  the  etretxjw  comeu« 
(SC),  flat  cell*  In  the  •uprabesel  (SB)  layer*,  and  the  ra^cleua  (Hu)  In  the 
ba*al  layer,  x5,500. 


Figur*  7.  CMt«n*ow»  •pldcrmal  e«lls  fro  rat  grown  on  nylon  noflibraiMi 
(M)  for  17  day*.  Not*  th*  pr«Mtw:*  of  d**M09QaMs  (D),  tonofllaaont*  <T), 
and  karatohyalln  ranula*  (K)  in  th*  aufirabaaal  (SS)  lay«r*  and  thv. 
*txatlfl*d  and  comiflad  u{if>«r  layar*  (SC).  *1,400. 
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cultur*  b«g«n  to  d«t«ch  froa  th«  surface  of  the  substratua  as  a  coaplaca 
shaat  and  tha  culcura  vas  thus  lost.  Ve  have  no  explanation  for  this 
phenoaenon  but  it  prevents  the  use  of  this  attachaenr  factor  if  long- tens 
cultures  are  needed  for  experiaents. 

Type  IV  collagen  (Bethef-ia  Research,  Bethesda, 
Haryland)  was  studied  but  was  found  to  be  unsatisfactory.  It  cannot  be  aade 
into  a  g«l  but  aust  be  air  dried  on  a  surface.  No  increase  has  bean 
observed  in  cell  attachaent  using  this  aatarial  in  this  aanner. 

Hone  of  the  attachaent  factors  used  to  precoat 
aeabranes,  increased  attachaent  and  proliferation  of  rat  keratinocytes  over 
that  seen  with  untreated  aeabranes.  Untreated  nylon  aeabranes  obtained 
froa  Celaan  produced  results  superior  to  all  other  SMabranes  and  plastics 
treated  or  untreated. 

b.  Subaerged  low  calciua  cultures  of  aurine  keratinocytes 

Although  the  stratified,  comified  culture  of  keratinocytes  is 
the  best  la  vitro  systea  in  which  to  siaulate  the  effect  of  topically 
applied  BCE?  JLq  vivo,  a  aonolaye*.  of  keratinocytes  can  be  used  to  study  the 
aolecular  interact lun  between  austard  and  cellular  aacrotsolscules .  Cultured 
keratinocytes  can  be  kept  as  a  aonolayer  by  restricting  the  level  of  Ca^'*‘ 
in  the  growth  aediua  (31).  Although  strstificatlon  is  retarded  under  these 
conditions,  differentistion  does  occur.  As  n>  ted  below,  the  differentiated 
cells  aeea  to  be  priaarily  at  the  lower  spimus  stege  of  the  keratinisation 
process . 


To  dire,  aonolayer  cultures  have  been  gro%m  on  plas  tic  sur¬ 
faces  and  not  on  colltgen  or  other  substrata.  Populations  of  cells  obtained 
by  trypsinization  of  skin  as  described  above  were  seeded  into  culture 
dishes  and  allowed  to  grow  in  aediua  consisting  of  calciua- free  HEM  supple- 
aented  with  lOX  Chelex- treated  fetal  calf  serua  and  then  adjusted  to  0.11 
aM  Ca^*^  with  calciua  chloride.  Such  aonolayer  cultures  exhibited  the  typi¬ 
cal  cobblestone  pattern  of  distinct  cells  with  large  intercellular  spaces 
(Fig.  8).  This  culture  can  be  aaintalned  for  aore  than  8  weeks  and  corsists 
of  both  aitotically  capable  cells  and  cella  which  appear  to  be  unable  to 
divide.  These  isay  be  differentiated  cells  since  soae  of  the  cells  bind  the 
Ulex  europcua  lectin.  In  tissue  sections  of  skin,  this  lectin  binds  to  the 
epiderwal  spinous  cells  (ef.  32).  The  aethodology  of  cultivation  for  this 
preparation  was  worked  out  in  another  ongoing  project  of  this  laboratory.  A 
description  cf  the  technique  and  the  sorphology  of  the  culture  has  been 
published  (33). 

e.  Llftad  cultures  of  huaian  keratinocytes 

1)  Cultivation  of  human  newborn  keretlnocytea  on  collagen 

gels. 

Attachaent  of  huaan  cells  was  satisfactory  on  either  a 
collagen  or  plastic  subst 'atua.  Small  groups  of  round  cells  were  seen  by 
2-3  days  after  see..ing.  At  5-7  days,  these  groups  were  conneeted  by  long 


27 


Figure  9a.  Hunan  keratlnocytaa  grown  for  48  hr  on  Vltrogen  100  collagen. 
x205. 


Figure  9b.  Vtammn  karaClnocytea  grown  for  5  days  ?r.  Vltrogen  100  collagen. 
*205. 
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35  ■■  dish.  At  this  tla«,  tha  cultures  showed  several  layers  of  nucleated 
cells  (Fig.  10a  and  lOb) .  No  comlfled  layers  were  noted.  After  13  days 
subaerged,  cultures  were  lifted  and  allowed  to  go  for  8  nore  days.  Figures 
11a  and  11b  are  light  and  transmission  electron  micrographs  of  the 
resulting  cultures  showing  cuboldal  basal  cells  and  flat  differentiated 
cells  with  typical  fll&aents,  desmosomes,  and  membrane* coated  granules. 
Numerous  microvilli  and  cytoplasmic  extensions  into  the  substratum  were 
found.  Cultures  that  had  been  grown  at  the  llquid/air  interface  for  23 
days  showed  up  to  20  comified  layers  (Fig.  12).  In  contrast  to  the 
sittietlon  with  murine  cells,  the  substratum  of  Vitrogen  100  did  not  appear 
to  have  deteriorated  eA'er  after  30  days  of  culture.  Attempts  to  enhance 
the  growth  rate  by  using  '.fferent  media  (e.g.,  199  MEM,  Ham's  defined  MEM, 
or  adding  10  or  20X  human  serum)  were  not  successful.  Since  the  yield  of 
viable  cells  is  considerally  lower  from  human  foreskin  as  compared  with  rat 
epidermis,  attempts  were  made  unsuccessfully  to  Increase  tha  yield  by 
effecting  better  dermal-<avi dermal  separation.  This  was  done  by  Increasing 
the  concentration  of  trypsin  to  IX,  trypsinizing  at  room  temperature, 
lengthening  the  time  of  exposure  to  trypsin  and  using  collagenase  plus 
ti-ypsin.  It  is  clear  that  lifted  cultures  of  human  epidermal  keratinocytes 
can  be  grown  successfully  from  newborn  foreskin  but  tha  efficiency  of  the 
process  (l.e.,  the  yield  of  cells  and  the  time  it  takes  to  achieve  the 
desired  result)  needs  to  ba  improved. 

d.  Development  of  protocols  for  obtaining  isolated  populations 
of  purified  basal  cells  and  of  nixed  differentiated  cells 

Populations  of  dissociated  keratinocytes  from  a  trypsinized 
epidermis  have  been  separated  into  two  major  fractions  by  centrifugation  in 
a  38X  self'foming  gradient  of  Fercoll  (Pharmacia).  A  lower  band  in  the 
gradient  at  a  density  exceedlrg  1.062  g/cc  consisted  of  at  least  98X  spher* 
ical  cells  (Fig.  13)  which  exhibited  a  high  nuclear  to  cytoplasmic  ratio. 
Greater  than  9SX  of  the  cells  excluded  trypan  blue  and  plating  efficiency 
was  high.  A  less  dense  band  covering  a  density  range  between  1.033  and 
1.049  g/cc  consisted  of  a  hetero(.'eneoua  population  of  mostly  differentiated 
cells  (Fig.  14).  This  population  included  cells  with  various  sizes  and 
shapes.  In  comparison  with  the  spherical  cells  in  the  lower  band,  these 
cells  were  flat,  had  Irregular  shapes,  were  larger,  had  a  lover  nuclear  to 
cytoplasmic  ratio,  and  did  not  exclude  trypan  blue.  About  5X  of  these  cells 
had  keratohyalln-like  Inclusions,  suggesting  that  they  were  derived  from 
the  epidermal  granular  layer.  Although  some  of  these  cells  might  attach  to 
a  substratum,  they  would  not  be  expected  to  proliferate  or  remain  attaiched 
for  nore  than  24  hr  (cf  Vaughan  and  Ben.'stcin  (1971). 

e.  Comparison  of  cytochemlcal  parameters  between  epidermis  in 
Ai£U  and  cultures  of  keratinocytes. 

Monolayer  cultures  of  rat  ke.ratinocytes  grown  in  reduced 
Ca^^  exhibit  lectin  binding  on  the  cell  surface  which  is  consistent  with 
the  picture  lo  aitu-  Brabec  at  al.  (32)  demorstrated  the  binding  of 
Bands iraea  siropliclfolia  (now  called  Criffonia  sL-TOltcifolia) .  isoleetin  I- 
(I-B^),  to  the  surface  of  epidermal  basal  cell  snd  the  cells  of  the 
lower  two  spinous  layers  in  tissue  sections  of  rat  skin.  Ulex  euroceua 
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Figure  10a.  Light  micrograph  of  human  karatinocytea  grown  aubmerged  for  3 
weeks  on  Vitrogen  100  collagen  <C).  No  comified  layera  are  evident.  x640. 
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Figure  10b.  Electron  micrograph  of  human  keratinocytes  grown  aubmerged  for 
3  weeks  on  Vltrogen  100  collagen  (C) .  Note  tonof llanents  (T)  and  deimosomes 
(O)  and  the  absence  of  cornlfied  layers.  xlO.OOO. 
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Figure  11a.  Light  micrograph  of  human  keratinocytes  grovm  submerged  for  2 
weeks  and  lifted  for  8  days  on  Vitrcgen  100  collagen  (C) .  Note  the 
keratohyalin-like  granules  (K)  and  the  comified  layers.  x640. 


Figure  lib.  Electron  micrograph  of  human  kerstlnocytes  grown  lubaerged  for 
2  week*  and  lifted  8  days  on  Vltrogen  100  collagen  (C).  Note  the 
tonofllaments  (T)  and  desmosomes  (D) .  xlO.OOO. 
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Figure  13.  A  smear  of  cells  from  the  lowest  band  of  a  38Z  Percoll  gradient 
(density  ••  1.062  g/cc).  Stained  with  Velgert's  Hematoxylin.  Based  on  their 
size,  round  structure,  and  dark  staining,  these  cells  were  designated  as 
basal  cells.  xl20. 
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Figure  lA.  Sneer  of  cells  from  the  upper  band  of  a  38X  Percoll  gradient. 
Density  -  1.033*1.049  g/cc.  Stained  with  Weigert'a  Hematoxylin,  a:  Note  the 
lightly  stained,  irregularly  shaped  differentiated  cells;  b:  Note  the 
granular  cells.  xl20. 
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agglutinin  I  (UEA)  was  found  to  decorata  tha  surface  of  tha  spinous  calls 
and  not  to  the  basal  call.  Each  lactln  binds  a  surface  receptor  having  a 
particular  carbohydrate  as  tha  nonraduclng  terminal  of  the  receptor 
glycoconjugatw,  e.g.,  the  to  nethyl-a-D-galactoslde  and  the  UEA  to  a- 

L-fucose.  In  the  developing  monolayer  culture,  early  during  tha  period  of 
cultivation,  the  cells  were  found  to  bind  I primarily.  Later,  as  they 
<Ilffsrentlated,  the  cells  also  bound  the  UEA.  In  the  lifted  culture,  CS  B- 
decorated  the  basal  l^vet  and  UEA,  the  spinous  layer.  Cultures  grown 
submerged  In  normal  Ca^^  (1.2  nM)  show  specific  lectin  binding  In 
accordance  with  the  degree  of  stratification  and  differentiation  Thus  tho 
binding  of  I'B^  and  UEA  In  culture  was  consistent  with  predictions  based 
upon  the  binding  of  these  lectins  In  vivo. 

Lifted  cultxires  exhibited  antibody  staining  that  was  consistent 
with  data  obtained  Jj)  vivo.  In  cultures  gro«m  submerged  for  3  weeks  and 
lifted  for  3  weeks,  a  SKinoclonal  antlkeratln  (2D6)  which  IsBOunolocalizes  to 
only  basal  cells  of  huiaan  skin  bound  only  to  cells  In  the  basal  layer  of 
the  culture.  Also  AE2  antikeratin  (34)  which  localizes  on  granular  cells 
In  situ,  did  so  under  the  comified  layer  In  culture. 

Kinetic  studies  of  mitosis  and  replication  as  well  as  repair  of 
roiA  in  these  cultures  (untreated)  are  In  progress. 

2.  To  Identify  changes  in  morphological  and/or  biochemical 
parameters  (e.g.,  ultrastructure,  structure  and  metabolism  of  DNA, 
enzymatic  activity,  and  physiological  fo*-.ction)  which  can  be  used  in  vitro 
as  early  Indicators  of  the  type  of  chemical  destruction  of  the  basal, 
germlnatlve  population  of  cells  that  Is  associated  with  Intraepldermal 
vesication  such  as  occurs  from  exposure  to  BCES 

a.  Choice  of  solvent  for  topical  application  of  BCES; 
studies  of  solvent  effects  on  the  cultures 

A  nontoxic  solvent  for  BCES  that  results  in  uniform 
distribution  of  the  agent  over  the  surface  of  the  lifted  culture  was 
sought.  Acetone,  ethanol,  hexane,  and  methylene  chloride  as  nonaqueous  and 
dloxane  and  dimethyl  sulfoxide  (D.HSO)  as  aqueous  solvents  were  considered. 

When  lifted  cultures  were  exposed  to  methylene 
chloride,  ethanol,  hexane  or  acetone  by  topical  application  for  2  min  and 
then  Incubated  for  0,  4,  8,  and  24  hr  In  complete  growth  medium  containing 
trltlated  thymidine,  the  Incorporation  of  tritium  was  no  greater  than  IX  of 
the  control  value  (treatment  with  physiological  saline)  during  any  one  of 
the  time  periods.  Evaporation  of  these  organic  solvents  was  Immediate  and 
the  consequent  drastic  drop  In  temperature  nay  have  caused  the  Irreversible 
cell  damage  which  was  observed  as  a  decrease  In  the  incorporation  of  trl* 
tiated  thymidine.  Various  percentages  of  alcohol  were  also  evaluated  for 
cytotoxicity.  Using  the  same  procedure,  40X  wis  found  to  be  the  highest 
alcohol  ceoncentratlcn  which  the  cells  tolerarted.  However,  It  was 
observed  that  BCES  In  methylene  chloride  does  not  dissolve  In  40X  ethanol 
to  th®  extent  desirable.  On  tha  other  hand,  BMSO  was  found  to  be  satis¬ 
factory-  A  ccMsparison  of  tlie  effects  of  the  latter  two  solvents  on  the  in- 
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corporation  of  labalad  thyaldlna  and  lauelna  la  ahevn  in  Table  S.  Tha  diata 
daaonatrata  that  axposura  of  dlffarantlatad  ealla  to  70X  DMSO  affactad  m- 
tabolte  activity  to  an  axtant  that  vaa  aiailar  to  tha  affaet  after  aspeaura 
to  40X  athanol. 


DNSO  waa  ahovn  to  ba  tha  laaat  toxic  of  tha  affactiva 
aolvanta  for  hC£J  thua  far  axaainad.  Ixpariaianta  have  haan  inltiatad  to 
dataralna  tha  affaet  of  tha  aolvant  and  variotic  concantrationa  of  ICES  on 
tha  capacity  of  dlffarantlatad  eulturaa  to  Incorporata  radloaetlvo  praeur* 

TABLE  3 

Incorporation  of  (^H]Th>nldina  and  (^^C}Loucina  by  Lifted  Culturaa  After 

Expoaura  to  Bolvanta 


Traataant 

Thyaidina 

iKpoiuri  Elat  Hal 

Lauelna 

topoiufi  liat  IKsI 

2.3 

24 

2.3 

24 

tlntra**’^'*  control 

Ills  t  279 

791  i  12S 

2.19  ±  0.4 

1.17  i  0.19 

70X  OH$0 

CSI  i  138 

314  i  110 

1.27  i  0.03 

1.42  1  0.29 

401  BcOH 

131  t  12 

542  i  112 

2. OS  i  0.78 

1.12  t  0.24 

Moac-klllad 

control 

13  i  21 

0.2  i  0.04 

Taluaa  era  ahovn  ±  atandard  deviation  (n»3). 

aora  of  DHA  and  protein.  In  thaaa  axparloanca,  lifted  culturaa  grown  for  14 
daya  vara  axpoaad  Co  30,  100,  and  200  rmol/cmr  BCES  diaaolvad  in  70X  0H50 
for  1  and  2  hr,  pulaa  labeled  with  a  labeled  pracuraor  for  0.3  hr,  and  chan 
prepared  for  liquid  aclntillatlon  counting  of  incorporated  tracer.  Flguraa 
IS  and  14  ahow  that  tha  Incorporation  of  thyaldina  and  lauelna, 
raapactiv'sly..  into  acld'-preclpltable  aacroaolaculaa  In  relation  to  the  tlaa 
of  expoaura  to  8CE3.  Aa  ahown  in  tha  flguraa,  at  1  hr  after  the  expoaura, 
there  waa  an  Inhibition  of  incorporation.  Thia  inhibition  tncreaaad  aa  tha 
doaaga  increaaad.  By  the  aacond  hour  after  expoaura,  tha  degree  of 
inhibition  had  leaaenad.  7t  ahould  ba  noted  Chat  even  tha  aolvant  control 
(DHSO  alone)  ahowed  a  aiailar  pattern.  Howovar,  in  tha  eaaa  of  tha  control 
and  the  loweac  expoaura  to  BCES,  tha  level  of  incorporation  af  tracer 
exceeded  control  at  the  eecond  tine  point.  Ihla  waa  not  true  at  dui  two 
htghaat  level  a  of  expoaura.  It  appeara  Chat  the  dawaga  occura  early  after 
expoaura  to  BCZS  and  axperisonta  a^a  now  under  way  to  weeaura  thia  affect 
aarllar  than  30  ailn  after  axpoeura.  Thaaa  axpariaianta,  althouip^  auggeetlva. 
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rifur*  15.  Ineerpomtlon  of  (^Jthy«ldln«  utfr  ICM  tftmtit.  Control^ 

(■ ) ;  ••lv«nt  control  oxpoouro  to  iCfS  ot  50  aaolo/e* 

( — — ),  100  lawlo/ca^  tnO  JOO  iMolo/ea'  Linoc  cowioet  dot 

polnto  obtolnoO  ot  1  ond  2  hr.  rospoetivolj. 


f  t 

HOUAV 
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ohtolnod  ot  1  ond  2  hr,  roapoetivoly. 
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•r*  not  Esplieatlon  of  this  work  la  In  proeaaa. 
k.  Alkylation  of  DNA  by  KES 

Aa  notad  In  aaetlon  B,  alkylation  of  CNA  la  llkaly  to  ba  tha 
■oat  lm>ortant  aolacular  laalon  with  which  tha  axpoaad  call  auat  daal  If  It 
la  to  auxrlTa.  Studlaa  on  thla  phaaa  of  tha  work  hava  tharaforo  attaoptad 
to  dataxaina  tha  dagraa  of  alkylation  and  eroaa>llnkinc  which  occtira  In 
eulturaa  of  karatlnocytaa  axpotcd  to  ICES,  tinea  ona  of  tha  ebjaetlvaa  of 
thla  projaet  la  to  avaluata  ^a  rola  of  thla  laalon  In  tha  naeroala  of  tha 
oxpoaad  call,  low  lavala  of  BCES  hava  baan  uaad  In  thla  work. 

tubaargad  eulturaa  grown  In  aadlua  containing  0.08  aM  Ca*  , 
hava  baan  axpoaad  to  16>64  uM  BCES  for  1  hr  aftar  which  tha  ealla  wara 
lyaad  by  axpoaura  to  aodlua  dodacyl  aulfata  (8DS)  for  1  hr  at  37°C.  Aftar 
cooling  to  rooa  taaparatura,  tha  aolutlon  waa  aada  0.2S  II  with  raapaet  to 
MaOH  and  Ineubatad  at  room  taan>aracura  for  20  aln,  which  waa  aufflclant  to 
produce  alngla  atrand  braaka.  Subaaquant  centrifugation  In  a  gradlant  of 
alkaline  aucroaa  produced  a  doaa*ralatad  profile  of  alngla  atrand  breakage 
In  tha  DMA  (Fig.  17).  Tha  IWA  froa  eulturaa  axpoaad  to  BA  uN  BCES  appeared 
at  tha  top  of  the  gradlant.  Dacraaalng  tha  axpoaura  froa  84  through  16  to  0 
uM  raaultad  In  banding  of  tha  DNA  prograaaivaly  toward  tha  bottoa  of  tha 
gradient.  Although  It  la  not  poaalbla  to  calculate  tha  nuabar  of 
alkylatlona  par  unit  of  DMA,  thaaa  data  clearly  ahow  that  axpoatura  to  64  uM 
BCES  raaulta  In  too  auch  daaaga  to  aaka  that  level  of  axpoaura  uaaful.  In 
fact,  future  atudiaa  need  not  uaa  concantrationa  greater  than  16  vM  and  aay 
require  even  lower  lavala  of  tha  auatard. 

c.  Davalopaant  of  an  aaaay  to  aaaaura  fidelity  In  MU  repair 

The  uaa  of  vlruaaa  to  l-tk .aatlgata  ORA  repair  haa  baeoaa  wide* 
apraad  (3S).  In  aoat  auch  Invaatigatlona,  aoaa  aodlfleatlon  of  tha 
taehnlqua  of  *hoat  call  reactivation*  haa  baan  applied.  In  principle,  thla 
axparlaantal  technique  Involvaa  Infection  rf  a  paralaalva  boat  with  a  vlrua 
idilch  la  nonvirulant  bacauaa  of  daaagad  ORA.  Tha  aathod  dapanda  on  cellular 
repair  proeaaaaa  to  ravaraa  tha  daaaga  and  reactivate  tha  vlrua  to 
vlrulenea.  Thla  taehnlqua  la  to  ba  uaad  to  dataralna  tha  efficacy  of  tha 
boat  call 'a  repair  ayataa  and  to  avaluata  tha  poaalbla  af facta  of  a  toxic 
chaalcal  on  tha  repair  proeaaa.  By  Inaartlng  a  apaclflc  laalon  Into  tha 
viral  ORA,  It  ahould  ba  poaalbla  to  avaluata  tha  repair  ayataa  for  that 
particular  type  of  laalon.  Thla  technique  la  being  dovalopad  for  uaa  In 
evaluating  tha  affect  of  axpoaura  to  BCES  on  tha  'error  free*  repair  capa¬ 
bility  of  axpoaad  karatlnocytaa. 

Specifically .  tha  probe  will  be  a  hataroduplax  of  alatan  vlrua 
40  (tv  40>  ORA  containing  two  alaaatchad  baaa  palra  which  confer 
Ceaperature  aanaltlvlty  on  tha  large  T  antigen  ganoaa.  Thla  MU  will  be 
uaad  to  tranafact  a  culture  of  human  katatinoeytea  idtlch  la  aealpamlaalve 
for  SV  M.  Repair  will  then  ba  allowed  to  occur  at  a  nonparmtaelve 
taaparatura  ao  that  only  tha  repaired  ORA,  l.a.,  tha  non- taaparatura • 
aanaltlve  genome,  will  be  tranacrlbed  tmA  tranalated  to  form  the  large  T 
antigen.  T  antigen  auat  be  aade  in  order  for  tha  viral  DHA  to  ba 
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Flfuc*  17.  AllcaliiM  ndlmmcatlon  profiles  of  DRA  lin  sueroto  grsdlonts, 
shoirittf  cito  spposrsnea  of  slnfls  strand  breaks  afCsr  sxposurs  to 
11ir««*d^>old  koratlnocytos ,  jrewn  la  low  calelim  swdlua  and  pralabexcd 
wieti  f'^lthyaidina,  «*r«  axposod  to  BCE3  at  eoneonti^ations  of  0  (a),  16 
(b),  and  64  uH  (e)  for  1  hr.  Colls  w«r«  lysod  vith  SOS,  Incubatod  for  1  hr 
at  37**  C  and  wars  th«n  aubjeetod  to  contrlfugation  In  a  gradient  of  alka¬ 
line  suerose.  Froee<kiral  details  are  given  in  the  textL 
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rtplleaead.  Vh«n  T  antlftn  la  wid«  froa  taaparatura-aanaitiva  ganoM.  the 
pretain  la  not  atabla  and  viral  DNA  la  not  raplieatad.  Rapalr  of  this 
daaagad  DNA  vill  ba  obaarvad  by  noting  tha  tina  it  takaa  for  tha  boat  calls 
to  repair  tha  WA  and  tha  parcantaga  of  tranafaetad  calls  idiich  carry  out 
tlw  repair.  The  ai^  point  assay  will  ba  tha  appearance  of  new  viral  WA 
(dotarainad  gal  alactrophoraaia)  or  tha  appearance  of  viral  plaques. 

To  data,  stocks  of  wild  type  SV  40  virus  have  bean  prepared 
and  titered  by  tha  plaque  fomation  technique  and  viral  KIA  has  bean  iso* 
latad  and  purified  according  to  tha  Mirt  procadxira  (36) .  Transfection  of 
•SC*1  oonkay  kidney  calls,  tha  pamissiva  host,  has  bean  achieved  using 
indirect  fluorescent  antibody  detection  of  T  antigen  as  and  point  (37). 
lunan  cutaneous  fibroblasts  in  culture  have  also  bean  success fully 
transfaetad  by  tha  caleiun  eo>pracipitation  technique  (38) .  Tha  parcantaga 
of  transfected  calls  in  both  cases  are  ouch  lass  than  was  tha  case  with 
infection  of  tha  nonkay  kidney  calls.  Hunan  karatinocytas  have  not  yet  bean 
transfected  in  this  laboratory  although  it  has  already  bean  dona  in  another 
laboratory  (39). 

d,  If fact  of  BCIS  on  nitochondrial  integrity 

BCIS  could  intarfara  with  nitochondrial  function  (cf.  section 
•  above).  Inhibition  of  oxidative  phosphorylation  would  ba  expected  to  ini* 
tiata  a  iaquanca  of  reactions  datrinantal  to  tha  function  and  survival  of 
the  karatinocyta . 

Tha  rata  of  lactate  aecunulation  by  cultured  calls  nay 
increase  whan  oxidative  sMtabollsn  is  inhibited  (40*42),  because  tha  nomal 
route  of  lactate  oxidation  via  oxidation  of  pyruvate  and  tha  tricarboxylic 
acid  cycle  has  bean  blocked.  Tha  rata  of  lactate  aecunulation  nay  also  ba 
increased  as  tha  rata  of  glycolysis  is  increased  to  supplanant  tha 
production  cf  AT?  by  axtranitochondrial  routes.  Tharafora,  production  of 
lactate  by  cultured  karatinocytas  could  ba  a  nathod  of  indirectly 
datarninlng  whether  exposure  to  ICES  results  in  an  inhibition  of 
nitochondrial  function  in  these  calls. 

Confluent  9*day  eld  cultures  produced  lactate  in  a  linear 
nanoor  for  at  least  10  hr  (Fig.  18).  Addition  of  dinitrophanol  (30  uM)  in  a 
4:1  nixtura  of  ethanol  and  nathylana  chloride  increased  tha  rata  of  lactata 
aemssulation  as  conparad  with  tha  control.  Tha  athanol/nathylana  chloride 
nixtura  itself  appeared  to  account  for  a  snail  anount  of  tha  increase. 
During  tha  first  four  hours  of  incubation  after  exposure  to  between  10  and 
300  uM  less  for  IS  nin,  there  did  seen  to  bo  a  dacraasa  in  tha  rata  of 
lactate  aecunulation  by  subnargad  cultures  as  tha  level  of  nustard  was 
increased  (Fig.  19).  After  that  tine,  tha  rata  of  aecunulation  of  lactata 
showed  an  obvious  dacraasa  at  all  levels  of  exposure.  Haithar  ICES  at 
concentrations  below  100  uM  nor  nathylana  chloride  at  any  concentration 
used  appeared  to  affect  tha  aecunulation  of  lactata  production.  Tha  data 
fron  this  axparinantal  approach  suggest  either  that  tha  rationale  for  these 
axparlsNints  was  incorrect  or  that  nitochondrial  function  is  not  strongly 
affected  by  exposure  of  karatinocytas  to  tha  concentrations  of  ICES  which 
ware  used. 
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Figure  m.  Lactate  production  by  F-day-old  cult\iraa  of  rat  karatinocytaa 
vae  atiaulatad  by  2,4*dinitrophenol  (DNP),  an  uncouplar  of  oxidative 
phosphorylation,  in  a  4:1  ethanol/aethylene  chloride  aixture  as  coopered 
vlth  aqueous  controls  (CCJS).  Basel  cella  were  plated  in  35*ea  dishes,  grown 
aubisarged  in  aediua  containing  1,8  oN  Car*,  and  exposed  to  50  vM  DNP  for  10 
hr.  Sach  tioe  point  represents  an  average  of  a  duplicate  deterolnatlon  on 
each'  of  three  aaoples.  Addition  of  the  ethanol/ioathylene  chloride  aixture  to 
the  control  stlaulated  lactate  production  slightly. 
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Flgura  19.  Effect  of  BCES  on  laetato  production  by  9>day>old  rat 
karatinocyta  culturaa.  Culturaa  vara  axpoaad  to  BCES  In  oathylana  chlorida 
for  10  ain.  In  this  typical  axparlaent,  thraa  dlahaa  of  calls  vara  uaad  for 
aach  axpoaura  and  duplicate  aaaplaa  vara  vlthdravn  for  dataralnatlon  of 
lactate.  For  grovth  conditions  of  culturaa,  aaa  legend  for  FlguFs  18. 
Control  contained  aathylana  chloride  at  0.5S  as  did  all  reaction  alxturas. 
This  aaount  of  aathylana  chloride  had  no  affect  on  lactic  production  of 
control  culturaa. 
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In  a  furthar  affort  to  dataralna  a  aatabollc  affaet  of  axpoaura 
to  a  lew  laval  of  BCES  on  karatlnocycas  in  cultura,  protain  aynthaila  was 
atudiad.  Tho  tachnlqua  Involvad  tha  incubation  of  prolif orating  cultures 
with  [^]laucina  (10  uCi/plata;  180  Ci/naola)  for  30  win  followed  by  the 
addition  of  lOZ  trichloroacetic  acid  to  stop  tha  reaction  and  precipitate 
the  protein  which  was  collactad  on  filters  and  processed  for  deterainatlon 
of  radioactivity  (43).  BCES  at  concentrations  up  to  100  uH  had  no 
inhibitory  effect  on  the  incorporation  of  radioactive  leucine  in  the 
cultures  although  the  data  shoved  considerable  variability  (Table  4). 

The  utilisation  of  glucose  was  also  studied.  BCES  also  appeared 
to  increase  glucose  consuoption  (Table  5).  Concentrations  of  BCES  between 
10  and  100  uK  appeared  to  increase  the  utilisation  of  the  sugar  but  300  uM 
BCES  had  a  sllghlty  loweraffect  than  did  100  uM  BCES. 


TABLE  4 


Effect  of  Low  Concentrations  of  BCES  on  Protein  Synthesis 


Treatair 
(uH  BCI 

cpsi/Plate 

Z  Control 

Hone 

1,323  1  388 

100 

10 

800  1  377 

64 

30 

1,510  ±  535 

114 

100 

1,001  ±  121 

76 

300 

254,  260 

20 

Xine-day-old  cultures  of  basal  cells  were  exposed  to  BCES  dissolved  in 
EBSS  for  TS  siin.  The  wedlua  was  withdrawn  and  replaced  with  fresh  aediuw. 
After  6  h:  of  further  incubation,  the  cultures  were  rinsed  and  the  wediua 
replaced  i ith  BBSS  containing  4.0  uCi  of  [^H]leucine/wl.  After  30  win,  lOX 
trlchloro*  cetic  acid  was  added  and  the  acld*preclpitable  radioactivity  was 
deterwined.  Values  above  are  averages  of  3  experlaents,  3  sasqvlss,  per 
experiaent  except  for  the  last  line  of  the  table  in  which  n-2.  For  growth 
condition!  of  cultures,  see  legend  for  Figure  Vi. 
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TABLE  5 


BCES  Co 

( 


Effaet  of  low  Concentrations  of  BCES  on  the  Rate  of  Glucose  Consumption 


itlC 


entration 

) 


Glucose  Consumption 
(  umole/L/hr) 


Control 
Control  + 

metbylene  chloride/ethanol 
solvent  for  BCES 

i 

20  (|in  methylene  chloride/ 
ethanol  as  solvent) 

50 

100 

300 


0.047 

0.066 

0.127 

0.169 

0.255 

0.231 


The  concentration  of  glucose  was  measured  colorimetrically  in  9>day-old 
cultures  treated  with  BCES  as  was  described  for  Table  4.  For  growth 
conditions,  see  legend  for  Figure  19. 


It  is,  of  course,  possible  that  a  metabolic  abnormality  may  be 
a  secondary  Contributor  to  the  cellular  necrosis  associated  with  exposure 
to  BCES  In  vivo.  The  reality  of  this  possibility  may  well  be  defined  in 
later  experiments  of  this  project  when  experiments  will  be  done  to 
determine  whether  the  lesion  in  DMA  caused  by  exposure  to  a  low 
concentration  of  BCES  is  sufficient  to  caitse  cellular  necrosis  in  the 
culture . 


Because  mitochondrial  function  may  be  Inhibited  as  a  secondary 
effect  of  BCES  exposure,  it  was  necessary  to  determine  whether 
mitochondrial'  function  could  be  directly  inhibited.  Therefore,  the  effect 
of  BCES  on  the  respiration  of  mitochondria  from  rat  liver  was  determined. 
Rat  liver  was  used  rather  than  epidermis  because  of  the  availability  of 
larger  amounts  of  material  from  the  liver.  As  far  as  is  known,  oxidative 
phosphorylation  is  comparable  in  the  two  tissues. 

Since  concentrations  of  BCES  less  than  250  uM  did  not  inhibit 
the  rate  of  respiration  (<f  mitochondria  from  rat  liver  with  succinate  and 
glutamate  as  substrates,  it  seems  unlikely  that  mitochondrial  dysfunction 
is  a  major  concomitant  oi  early  toxicity  from  this  chemical. 
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Th«  action  of  BCES  on  tha  Integrity  of  altochondrlal  neabranas 
In  altu  vas  axanlnad  uelng  the  localization  of  Rhodaaine  123  aa  the  aasay. 
This  substance  binds  to  energized  aitochondrial  aeabranes  (44)  and  the 
aitochondrial  profiles  can  be  visualized  by  epifluorascence  at  appropriate 
wavelengths  and  hi^  aagnlficatlon  in  the  light  aicroscopa.  The  dye 
diffuses  froa  the  altochondria  when  the  aeabrane  is  de-energizcd,  e.g.,when 
the  altochondria  are  uncoupled  (45) . 

Preliainary  results  have  been  obtained  with  Rhodaaine  123 
staining  of  basal  cell  cultures.  Cultures  have  not  been  exposed  to  BCES  at 
this  tiae.  The  Rhodaaine-stained  basal  cells  display  a  bright  srea  of 
staining  surrounding  the  nucleus  that  at  high  aagnlficatlon  appears  as  a 
fine,  dense  filigree  of  fibers  that  becoaes  acre  diffuse  toward  the  aargin 
of  the  cell.  All  cells  do  not  appear  to  be  unlforaly  brightly  stained, 
although  sll  cells  do  stain.  The  degree  of  staining  aay  be  a  result  of 
differentiation  which  is  presuaed  to  be  different  for  each  cell  in  the  9* 
day>old  basal  subaerged  culture  aaintained  in  the  low  ealciua  aediua. 
Application  of  an  uncoupler  (e.g.,  0.5  uM  p*trifluoroaethoxy  phenylhydra- 
zone)  to  the  culture  causes  the  fluorescence  to  lose  its  localized  pattern 
and  to  becoae  aore  diffuse  throughout  the  cytoplasm.  A  diminution  of  total 
fluorescence  aay  also  be  present,  although  we  cannot  calibrate  tha  quantum 
yield  of  the  dye  with  the  present  instrumentation  and  software. 

a.  Development  of  techniques  to  stu^  aetabolisa  of  BCES 

During  the  tara  of  the  previous  support,  the  activities  of  two 
enzyaes  which  could  play  a  role  in  the  aetabolisa  of  BCES  were  exaained  in 
subcellular  fractions  prepared  froa  whole  skin,  derais,  and  epiderais  of  4- 
day-old  rats.  The  strain  of  rat  was  the  saae  as  that  used  for  the 
cultivation  of  keratlnocytes .  The  results  of  a  study  in  vivo  by  Davison  et 
al.  (12)  suggested  that  tha  initial  glutathione -BCES  adduct  undergoes 
further  degradation  to  generate  different  aetabolites.  Using  optiaal  assay 
conditions,  the  presence  of  several  enzyaws  was  established  (Table  6). 

Glutathione  S*transferase  (GSHTr)  was  assayed  using  l>chloro>2,4* 
dinitrobenzene  as  a  aodal  substrate  (46).  Separation  of  derais  from 
epiderais  was  achieved  by  a  aodiflcation  of  the  aethod  of  Epstein  et  al. 
(47).  Measurable  GSHTr  activity  was  found  in  both  the  derais  and  the 
epiderais  (Table  7),  with  tha  largest  percentage  of  the  enzyae  in  the 
derais.  The  sua  of  the  activities  in  the  dermis  and  the  epiderais  were 
consistently  found  to  be  greater  than  that  found  in  the  whole  skin.  The 
explanation  for  this  effect  was  not  investigated.  Using  a  new  rapid  HFIG 
aethod  in  coabination  with  affinity  chroaatography ,  substantial 
purification  of  this  enzyme  was  achieved  froa  the  whole  skin  (Table  ft) . 

Foroxidase  was  assayed  using  gualacol  (0>aethoxyphenol)  as  a  aodel 
substrate  (48).  This  enzyae  was  predoainantly  associated  with  the  nuclear 
and  aitochondrial  fractions  derived  froa  whole  skin  (Table  9) .  An 
approximately  80-fold  purification  of  this  enzyae  was  achieved  starting 
with  a  whole  skin  hoaogenata  (Table  10). 
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TABU  6 


Activities  of  Sons  Marker  and  Xenobiotlc  Metabolizing  Enzymes  in 
Subcellular  Fractions  of  Cutaneous  Cells 


Enzyoe/fractlon  Xnzyaw  activity 

(maol/aln/m^  protein) 


Lactic  debydrogenase  (cytosol)  1390 

Alcohol  dehydrogenase  (cytosol)  with  MAD'*'  3.3 

Acetaldehyde  dehydrogenase  (mitochondrial) 

with  NADP'*'  3.6 

with  NAD'*'  7.2 

Acetaldehyde  dehydrogenase  (microsomal) 

with  NADP'*'  23.0 

with  NAD'*'  12.0 


Tissue  was  homogenized  in  0.05  M  Tris  buffer,  pH  7.2  containing  0.25  M 
sucrose  and  subaltted  to  successive  centrifugation  at  39,000  x  g  for  30  min 
at  A^’C  to  sediment  the  mitochondrial  fraction  and  100,000  x  g  to  sediment 
the  mlcrosomas.  The  supernatant  solution  from  the  last  centrifugation  was 
used  to  represent  the  cytosolic  fraction.  An  increase  in  absorbance  at  340 
ns  resulting  from  the  production  of  NADH  or  NADPH  was  monitored.  Lactate, 
ethanol,  and  acetaldehyde  were  tued  as  the  substrates.  A  nillimolar 
extinction  of  6.22  for  the  reduced  fora  of  the  pyridine  nucleotide  was  used 
to  calculate  enzyme  activity. 
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TABLE  7 


Distribution  of  Cytosolic  GSHTr  Activity  in  Nsonatal  Rat  Skin 


Fraction 

Voluae 

Protein 

Total 

GSHTr  Activity 

(■1) 

(ag/al) 

(ag) 

Specific 

Activity 

(naol/min/ 

ms) 

Total  X 

Activity  Distribution 
(nmol/ 
fraction 

Whole  skin 

32 

0.098 

35.14 

48 

1690 

100 

Darais 

48 

1.028 

49.34 

47 

2320 

88 

Eplderais 

18 

0.576 

10.37 

31 

310 

12 

Thras>day-old  rats  (n-10>20  each)  vere  tised.  The  eplderais  was  separated 
froa  the  demls  according  to  Epstein  et  al.  (47).  The  epldemis  was 
hoaogenized  in  0.50  M  Tris  buffer,  pH  7.2  and  centrifuged  at  100,000  x  g 
for  30  aln  at  4°  to  obtain  the  cytosolic  fraction  which  was  used  for  the 
assays.  CSHTr  activity  was  assayed  according  to  Habig  et  al.  (46),  using 
CDNB  as  a  substrate.  The  data  represent  the  results  of  a  typical 
axpexlaant.  Siadlar  results  were  obtained  in  two  additional  experiaents. 
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TABLE  8 


Puriflc/^t^on  of  GSHTr  froa  Whol*  Skin  of  3*d«y*old  Rats 


Fraction 

Specific 

Activity 

(nol/nin/mg) 

Fold 

Purification 

Z 

Recovery 

Cnida  cytosol 

0.034  i  0.007 

1 

100 

Affinity 

chroaatography 

29.88  ±  7 

1021  ±  367 

106  ±  20 

HFLC-Applled 

12.5 

1 

100 

-Racovarad 

35.0 

2.8 

122 

GSHTr  sctlvltj  vss  assayed  according  to  Hablg  et  al.  (46),  tislng  CDNB  as  a 
substrata.  Tha  data  raprasant  aaan  ±  S.R.  (n»3>7)  or  tha  results  of  a  typi¬ 
cal  axperloant.  Tha  cytosolic  fraction  (100,000  x  g  supamatant  solution) 
vas  ebtalnad  by  separating  tha  derals  and  aplderals  (47),  honogenlzlng  the 
apldanls  In  0.05  M  Trls  buffar,  Ph  7.2  and  centrifuging  tha  houogenata  at 
100,000  X  g  for  30  aln  at  4°  C.  Tha  actlva  fraction  vas  alutad  with  10  nM 
GSH,  pH  9.4,  concentrated  by  ultraflltratlon  and  further  purified  by  HFLC 
\ralng  an  aclon  exchange  coluon. 
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TABLE  9 


Subcallulitr  Distribution  of  tho  Cutanootis  Poroxldas*  Activity  in  3><lay>oId 

lUta. 


Subcallular 

Fraction 

Peroxidase  Activity 
(units/ag) 

f  Distribution 

Cytosol 

0.000 

0.00 

nuclear 

0.171 

36.90 

Mitochondria 

0.263 

57.18 

Nicrosoaos 

0.025 

5.92 

Poroxidas*  activity  vaa  Baasurad  according  to  Hiaaalhoch  at  al.  (A8)  using 
guaiaeol  as  a  substrata.  Ona  anzyoa  unit  is  dafinad  as  the  aaount  of 
anzyaa  that  causes  a  change  of  1.0  abaorbanca  unit  par  Bin  at  470  na.  The 
results  are  utsan  peroxidase  activity  observed  in  tvo  separata  axperlBants. 
Bach  anzyaa  preparation  represents  pooled  aatarial  froa  20*30  rats.  The 
cellular  fractions  vers  obtained  by  centrifugation  of  the  tissue  homogenate 
(in  0.05  M  Tris  buffer,  pH  7.2  containing  0.25  M  sucrose)  at  10,000  x  g  for 
30  adn  at  4°  C  to  sedlaent  the  iniclear  fraction,  at  39,000  x  g  for  30  min 
to  aadlBont  the  aitochondrlal  fraction,  at  100,000  x  g  for  60  min  to 
sedinaant  the  alcrosoaal  fraction  leaving  the  final  supernatant  solution  as 
the  cytosolic  fraction. 
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TABLE  10 


Purification  of  Haonatal  Rat  Skin  Paroxldaaa. 


Fraction 

Specific  Activity 
(unlta/ag  protein) 

Fold 

Purification 

X 

Recovery 

Crude  extract 

0.29 

1 

100 

Concanavalln  A 

7.17 

24.7 

70 

Blo-Cal  P.150 

24.00 

B2.0 

IS 

Tha  data  rapraaant  tha  raaulta  of  a  typical  axparlaant.  A  hoamganata  of 
apldaraia  fron  4*<lay-oId  rata,  aada  In  O.SO  M  Trla  buffer,  pH  7.2, 
containing  0.23  M  aucroaa,  vaa  aadlaantad  at  39,000  x  g  for  30  aln  at  4**  C. 
Hie  partlculata  fraction  vaa  auapandad  In  50  aH  Trla,  Ri  7.2  containing 
0.25  M  aucroaa  and  0.5  M  CaC^  to  aolubtllxa  tha  paroxldaaa  tdiich  waa 
racovarad  by  cantrlfogatlon.  Tha  aupamatant  aolutlon  waa  aubj acted  to 
affinity  chronatography  on  a  coluan  of  Concanavalln  A>Sapharoaa.  Tha 
adaorbad  anzysM  vaa  alutad  in  a  gradient  of  aanltol.  Tha  eluted  paroxldaaa 
waa  further  purified  on  a  coluan  of  Blo-Cal  P-ISO.  Analyala  of  tha  anzyaa 
waa  carried  out  by  the  aathod  of  Hlaaalhoch  at  al.  (48). 
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f.  Protection  egclnst  BCES-aedieted  deaego  of  DKA  through  repair 

BCES-aediated  deaege  to  DMA  and  repair  thereof  vete  aeaaured 
by  the  alkaline  unwlndlng/hydroxylapatite  chrooatographic  aaaay  (49) . 

Figure  20  ehova  that  challenge  of  keratlnocytea  with  S  or  10  uM 
BCES  for  30  aln  cauaea  an  initial  increase  in  the  percentage  of  the  DNA 
which  la  double-stranded.  This  ia  taken  to  represent  croee-linking.  This 
figure  ishnws  that  the  fate  of  croaalinking  over  tine  differs  draaatlcally 
between  the  5  and  10  uN  exposure  concentrations.  With  a  5  uH  concentra¬ 
tion,  cross-linking  at  tisM  zero,  i.e.,  iaaedlately  after  BCES  challenge, 
is  repaired  by  12  hr  efter  exposure.  On  the  other  hand,  with  the  10  uH 
exposure,  the  cross -linking  apparent  at  tisM  zero  changes  into  single 
strand  breaks/alkali  lesions  at  later  tisMi  points.  Moreover,  this  decline 
in  percent  dotible  strand  DNA  continues  throughout  the  course  of  the  experi- 
•ent,  suggesting  that  the  10  uM  concentretlon  is  causing  call  death.  These 
data  indicate  that  keratlnocytea  have  scan  capacity  to  survive  BCES- induced 
DNA  cross-linking  but  that  this  capacity  is  Halted  and  can  be  relatively 
rapidly  overwhelsMd. 

Table  11  shows  that  pretreatieent  of  the  keratinocyte  culture  with  a 
non-DNA-dasMging  concentration  of  IC04C  (0.05  uM)  altera  the  pattern  of  DNA 
repair  after  challenge  with  20  uM  BCF.S.  In  control  cells,  cross-linking 
apparent  at  tlwe  zero  after  challenge  changes  Into  single  strand  breaks/al- 
kali-labile  lesions  at  later  tlwes.  In  MNNC-pretreated  cells,  on  the  other 
hend,  the  cross- linking  ia  such  wore  persistent  and  only  resolves  into 
single  strand  breaks/labile  lesions  sowewhere  between  S  end  24  hr  efter 
ehall'snge.  Ve  have  not  yet  deterwlned  the  significance  of  this  effect  for 
BCES  toxicity,  nor  its  aechanlsa, 

Vhwn  sribaMrged  cultures,  grown  in  wediue  containing  O.OS  wH  Ca 
(eor.iaisting  of  601  basal  and  401  early  differentiated  cells)  and  cultures 
grewn  in  t!)e  presence  of  1.1  wM  Ca^^  (consisting  of  a  large  fraction  of 
la':e  differentiated  cells  as  well  as  basal  cells),  were  exposed  to  50  uM 
BCES  for  30  siin,  washed,  and  assayed  for  the  percentage  of  double- stranded 
DNA  et  zero  tisM  end  efter  4  hr  of  eubeequent  incubation,  no  diffarencta 
war#  notad  between  the  two  culture  typee.  Sisiilerly,  the  effects  of  HNNC  on 
the  DMA  were  not  different  whether  the  culturee  conalstad  of  noetly 
geminative  or  differentiated  cells. 

Folyanlnsa  aupplesMntatlon  of  tha  keratinocyta  culture  appears  to 
prevent  formation  of  strand  cross-links  (Fig.  21).  (This  assay  does  not 
distinguish  betwsan  ONA-DNA  and  DNA-proteln  cross- links.)  Tan  mlcroatolar 
BCES  caused  elgniflcent  cross- linking  of  DNA,  which  Is  avldsnt  by  s  12-16X 
increase  In  double  strandsdness .  Fretreetment  with  three  different 
polyaailnea  eppeare  to  have  eliminated  this  effect.  Instead,  single  strand 
breaka/alkall-lablls  lesions  srs  svldant  lamedlataly  after  BCES  challenge. 
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•  Ot>ONA 


9C2  afurr  t  t  II  «K  iCCt  aMnanf*  (nr) 


Flgur*  20.  MA  OioMf*  Induced  by  5  ar  10  uH  ICES:  atudlaa  af  ehangaa  in 
parcant  DS-OMA  hy  poaC«ehallanga  incubation.  Vina>da7>eld  eulturaa  grown 
aubaargad  in  aadluM  containing  l.t  aM  Ca^'*'  vara  uaod.  Other  growth 
tachni(|uaa  ware  aa  daacribad  by  Brown  at  al  (33).  Bxpoaura  tine  waa  30  aln. 
?C2,  poat'Challanga  incubation.  OS-DMA,  double  atrandad  OKA.  (biantlflcation 
of  daaaga  to  SNA  waa  earriad  out  uaing  the  alkaline  unwinding  aaaay  (49) 
for  1  hr  at  rooa  taopartatura  in  the  dark  at  pH  12.1,  followed  by 
ehroauitogrsphy  on  hydroxylapatita  and  fluorowatric  analyaia  of  the  alutad 
double  atrandad  DMA.  For  purpoaaa  of  graphing  the  data,  tho  0S>I^  froa 
wnaapoaad  ealla  waa  aat  at  lOM.  Error  bare  indicate  the  atandard  error  (S. 
B.).  iM>  for  the  control  group  and  n*4  for  BCES-axpoaad  groupa  in  two 
aoparata  axparlaanta.  t.E.  waa  <32.  lha  4S>hr>waluo  for  10  uM  ICES  is  <4. 
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TABLE  11 


PrAtcetlon  Afalnst  BCES>Mdi«t«d  DuMgt  By  Prior  Ixposuro  to  Ifontoxic  Lovol 

•f  MNNC* 


•CIS 

dMllanga 

(20  uH) 

Bo. 

Ihuration  of 
poscehallanga 
incubation  (hr) 

Pracraataant  control 
(wahicla  only) 

X  control  double* 
stranded  DMA 

MBH6  Pratraatnant 

S  control  double* 
atrandad  OKA 

Be 

3 

lOO** 

100® 

Tea 

3 

0 

111  1  A 

113  i  5 

Tea 

3 

2 

7A  i  2 

lOd  ±  5 

Tea 

2 

A 

fd 

109 

las 

3 

2A 

71  ±  5 

dS  t  2 

*  fot  growth  cotidltlotui  •••  logond  for  Piguro  20.  Aotay  for  double 
•tramled  JBA  w«»  eerrlod  out  •«  doacrlbod  by  Kentor  and  Schwarts  (A9}. 
Parcantagas  ara  fivaitt  standard  daviatlona. 

*  58  1  d  of  DfiA  double -atrandad. 

At  i;  S  of  IBIA  double* stranded. 
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J..  *  *  * 

Pwr  of  wttTwtorn  oersttlvti  - 


Flfur*  21.  DMA  daaag*  «tm1  post<eh«ll«ng«  in«ub«tl<m  IndueA^  by  10  uM  BCES; 
•tudlM  of  ^lyaaliM  trootaont.  Min«<d«y>eld  kkorotinoeyto  eulturos,  grovn 
••  doocribod  in  tho  logend  for  Figuro  20,  voro  dlvidod  into  tho  following 
group*:  1,  control  (no  protrootaont) ;  2,  protroatod  with  20  putroaeino 
from  Ihy  4*8  of  eulturo;  3,  protroatod  with  10  uM  aporaidino  froa  Day  4-8 
of  culcuro;  4,  protroatod  with  10  v8f  aporaino  froa  Day  4*8  of  eulturo. 
Oulturoa  woro  troatod  with  10  \tH  BCES  for  30  ain,  waahod  ono  tiao  with 
phoaphato-bufforod  aalina,  pH  7.4,  containing  doxtroao  and  further 
InetAatod  far  3  hr  in  coaploto  growth  aodiua.  Analytoa  for  0S*DSfA  waa 
earriod  out  by  eh*  alkaline  unwinding  aaaay  (48)  followed  by  ehroaatography 
on  Iqr^roxyl apatite  and  fliioroaotrie  analyaia  of  DMA.  Error  bora  indicate 
f.l.  b-4  for  control  and  a-4  for  BCES-oxpoaod  eolla  froa  two  aoparata 
oxporiaonta.  S.B.  <SX. 
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E.  SuBMzy  of  Finding 


1.  Obtaining  atratlflad  teralnally  dlffarentlatlng  cultural 

Using  the  protocols  developed  in  this  investigation,  it  is  posoi* 
ble  to  consistently  produce  stratified  teralnally  differentiated  primary 
cultures  of  cutaneous  keratlnocytes  froa  the  epiderais  of  the  newborn  rat. 
The  procedure  is  also  applicable  to  huaan  keratlnocytes  derived  froa  new¬ 
born  foreskin  although  the  rata  of  growth  and  differentiation  is  considera¬ 
bly  slower  than  is  the  case  with  aurine  cells.  All  biochemical  and  aorpho- 
logical  parameters  investigated  to  date  are  siailar  in  the  cultures  as  they 
are  la  situ.  Physically,  the  cultures  have  a  surface  topography  and  a 
consistency  which  allows  them  to  be  exposed  to  BCES  topically  and  to  be 
aanlpulated  for  subsequent  analysis. 

The  stratified  cultures  can  be  exposed  to  BCES  dissolved  in 
70X  DKSO.  It  appears  that  the  BCES  attacks  the  lower  cells  by  passing 
through  the  tissue  rather  than  around  it  into  the  aedivoa  but  this  has  not 
bean  proven  as  yet. 

2.  Proliferating  monolayers  of  keratlnocytes 

Crowing  keratlnocytes  in  low  calclua  iMdiua  produces  cultures 
which  remain  as  monolayers  although  cells  in  the  monolayer  do  exhibit  early 
steps  in  differentiation.  This  culture  is  particularly  useful  for  studying 
the  direct  interaction  between  BCES  and  the  cell  since  the  toxicant  is 
added  to  the  medium  in  which  the  cells  are  immersed. 

3.  Purified  populations  of  basal  and  differentiated  cells 

Purified  populations  of  basal  cells  can  be  obtained  by  sedimenta¬ 
tion  in  a  density  gradient  of  Psrcoll.  By  morphology,  such  preparations  are 
98X  purs  but  lectin  binding  techniques  indicate  that  biochemically,  this 
population  consists  of  proliferating  as  well  as  early  differentiated  cells. 

4.  Oose  response  curves  indicate  that  the  integrity  of  DNA  is 
compromized  imoMdiately  when  cells  grown  submerged  in  0.08  mM  Ca^'*',  are 
exposed  to  16  uM  BCES.  It  seems  likely  that  an  even  lower  exposure  would 
affect  the  integrity  of  DNA.  This  level  of  exposure  to  BCES  does  not  appear 
to  produce  metabolic  effects  until  several  hr  after  exposure.  Higher 
exposures  (e.g.,  greater  than  100  uM  BCES)  are  required  to  dramatically 
affect  glycolysis,  glucose  utilization,  protein  synthesis,  RNA  synthesis, 
mitochondrial  respiration  or  ultrstruetural  morphology. 

5.  CluStathione  S-transferase  and  peroxidase,  two  enzymes  which 
mli^t  influence  the  toxicity  of  BCES  by  inactivating  the  toxicant,  were 
Identified  aa  present  in  the  epidermis  and  were  purified  from  whole  skin. 
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.  '  F.v.  laco— inriitlooB 

biological  aystems  developed  in  this  ptoject  are  appropriate  ^or 
use  In  determining  the  molecular  f'l  cellular _ mechanisms  responsible  fior 
tdie  toxic  manifestations  associated  with  veslcsilon.  Attention  should  how 

to  define  the  nature  of  the  molecular  Interactions  which  lead  to  toxlci^ty 
from  BCES.  In  this  context,  the  keratlnocyte •  s  «bility 

and  cellular  damage  done  by  BCES  should  be  evaluated.  The  objective  i of 
further  study  should  be  to  develop  a  profile  of 
alterations  In  relation  to  Increasing  levels  of  exposure  to  BCES. 
of  Information  should  provide  an  understanding  of  the 

mediated  effects  which  the  cell  can  accommodate  and  Identify  those  which 
exceed  its  ability  to  tolerate  leading  to  overt  toxicity. 
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